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Abstract 
Measurements of pressure drop and heat transfer coefficient were taken for smooth and internally enhanced 
smooth sections. Pure ammonia was used in both smooth and enhanced tubes, whereas ammonia mixed with oil only 
used in smooth tubes. The inside diameter of the tubes are 8.1 mm. The mass fluxes were varied from 20 to 270 
kg/m2-s (15 to 1999 klbm/ft2-hr) and inlet quality was varied from 0 to 95%. The test section heat fluxes ranges from 
2.0 to 10.0 kW/m2 (635 to 3175 Btu/ft2-hr). The majority of data points were taken at inlet refrigerant temperature of 
35°C (95°F). The data is then compared to several pressure drop and heat transfer correlations to understand the 
characteristic of the test sections. 
Experimental data shows variation along the circumferential of the test section, which will be discussed 
more thoroughly.  Oil has effects of lowering the heat transfer coefficient and increasing the pressure drop. Microfin 
tube has positive and negative effects on the heat transfer coefficient, depending on the fin height. 
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Chapter 1. Introduction 
The purpose of this project is to examine the characteristics (heat transfer coefficient, pressure drop) of 
both pure ammonia and ammonia mixed with miscible oil under condensation conditions. The motivation of this 
project comes from the phase-out of chlorofluorocarbon (CFC) based refrigerants, as mandated by Montreal 
Protocol. Most of the CFC based refrigerants are detrimental to the environment. Therefore, it is desirable to have 
replacement refrigerants that are inexpensive, have heat transfer and pressure drop characteristics comparable to 
existing refrigerants, and low environmental impact. Ammonia, propane, carbon dioxide and other hydrocarbons are 
some examples of ‘natural’ refrigerants. The advantages for using ammonia as refrigerant are higher heat transfer on 
refrigerant side, less pressure drop, zero ODP (Ozone Depletion Potential), and zero GWP (Global Warming 
Potential). Its disadvantages are corrosion with copper bearing materials and human toxicity especially in high 
concentration. It will also burn in a narrow high concentration range. 
Three types of aluminum test sections are investigated. The tubes used are a smooth tube and enhanced 
tube. There are two types of enhancement. The first one is an axially enhanced tube with 60 fins placed 
circumferentially around the tube. The height of this microfin is 0.34 mm. The second type is also an axially 
enhanced tube, except the fin height is 0.32 mm. All three types of tubes have a nominal outside diameter of 9.52 
mm and internal diameter of 8.1 mm. The enhanced tube has approximately 1.6 times the surface area of the smooth 
tube. Experiments with pure ammonia will be conducted with all these three types of tubes, but experiments with 
ammonia mixed with miscible oil will be conducted with smooth tube only. 
This document will be divided into 5 chapters. Chapter 2 discusses the pure ammonia results, chapter 3 
discusses the ammonia-oil results and chapter 4 shows the effects of pure ammonia in enhanced tube. Finally, 
chapter 5 will summarize the report. 
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Chapter 2. Pure Ammonia Condensation Results 
2.1 Introduction 
Only a small number of experimental test data are available for condensation of ammonia inside small 
diameter tubes. The objective of the present study was to obtain a large number of heat transfer coefficient and 
pressure drop data in smooth and enhanced tubes over a wide range of refrigerant mass flux and quality. Pure 
ammonia heat transfer and pressure drop results in smooth tubes are discussed in this chapter. These experimental 
data will later be compared with Thome (2003) and Cavallini (2002) heat transfer models, and the Friedel, Jung and 
Radermacher, and Souza pressure drop models. 
2.2 Test Facilities and Experimental Procedures 
The experimental work was conducted using the ammonia test loop that is described in Vollrath (2003). 
Figure 2.1 shows the schematic of the test facility. However, the measurement technique is different. Instead of 
placing 9 thermocouples along the tube sidewall at the tube midheight location, four thermocouples were placed 
around the tube’s circumference in 4 or 5 different axial locations, as shown in Figure 2.2. The wall thermocouples 
were located at 0o, 45 o, 135 o and 180 o from the top at each location. A side view with the axial location of the 
thermocouples is shown in Figure 2.3 and Figure 2.4. Figure 2.3 shows the axial location, with 16 thermocouples 
used. Figure 2.4 shows the axial location with 20 thermocouples used.  
The pressure taps are brazed to stainless steel tubes with similar diameter as the test section tubing.  Two 
data sets were collected with the pressure taps located outside of two plug valves that were located on either side of 
the test section.  Plug valve pressure drop compensation data was collected in order to correct for the valve effect on 
pressure drop. A schematic of this set up is shown in Figure 2.5. A third pressure drop data set was collected in 
which the plug valves were removed and the pressure taps were connected directly to the test section tube with 
couplings that were bored out to the same diameter as the test section and pressure tap tube diameter. Figure 2.6 
shows the schematic of this new configuration.  Additional details of the experimental facility, data collection, data 
analyses, and data uncertainty analyses are described in the following sections. 
 
2.2.1 Refrigerant Loop Description 
 A variable speed gear pump circulates the refrigerant throughout the loop.  A pump was chosen instead of a 
compressor in order to avoid contaminating refrigerants with compressor lubricant.  A compressor unlike a pump 
generally requires the circulation of a lubricating oil throughout the test facility leaving the refrigerant dirty or 
contaminated.  Upon exiting the pump the mass flow rate of the refrigerant is measured with a Coriolis-type mass 
flow meter (Micromotion F025S319S).  From here the refrigerant goes to the conditioning portion of the facility.  A 
flat plate heat exchanger (Alfa Laval NB26-10H) is used to condition the flow from sub-cooled liquid to the desired 
two-phase quality.  A bypass line was designed to divert some of the fluid around this heat exchanger.  Although 
bypassing the fluid was seldomly used to achieve the proper thermodynamic state, it proved to be quite useful in 
system start up.  The evaporator was designed to provide up to 15 kW of heating which is required to achieve high 
qualities at high flow rates.  Due to this design requirement, the evaporator provided too much power for lower flow 
rates or two-phase qualities.  To account for exceeding the necessary energy rates at these low mass flux/low quality 
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conditions, the heat exchanger was flooded with the condensate forming on the steam side.  This effectively lowered 
the overall two-phase heat transfer surface area on the steam side, thereby lowering the overall rate of heat 
transferred. 
 After leaving the conditioned portion of the loop, the fluid enters the test section(s).  The loop was designed 
to have two test sections in parallel to each other.  The flow can be directed into either test section.  Upon leaving 
the test sections, the refrigerant enters the subcooler.  Another flat plate heat exchanger (Alfa Lavel NB26-14L) is 
used to subcool the refrigerant prior to entering the pump.  A small receiver tank (500mL) manufactured by 
Swagelok sits at the bottom of the subcooler.  All wetted materials are either nickel, stainless steel, teflon, or 
aluminum. 
 
2.2.2  Steam Loop Description 
 A flat plate heat exchanger from Alfa Laval (NB26-10H) was used to transfer heat from steam to the 
refrigerant for conditioning the refrigerant to a desired quality.  The heat exchanger was mounted in the vertical 
position.  The refrigerant and steam were designed to flow in parallel through the heat exchanger, both entering at 
the top and exiting at the bottom.  This was done for the steam side to allow gravity to properly drain the condensate 
from the heat exchanger.  From the refrigerant’s perspective, this design was used so that oil can be added to the 
refrigerant and not get trapped at the bottom of the heat exchanger.  The heat exchanger was designed to meet the 
highest of energy transfer rates experienced in this experiment (15kW).  Because this level of heat rate is only 
required at the high mass fluxes and high qualities, flooding the heat exchanger with steam condensate was required 
to achieve lower heat rates.  By flooding the steam side of the heat exchanger with condensate, the effective steam 
two-phase heat transfer area is reduced.  Due to the dominance of steam’s two-phase heat transfer rate over its 
single-phase rate, this in turned decreases the overall heat transfer rate of the steam.  The level of condensate is 
controlled downstream by a needle valve.  A site glass was also installed in parallel to the steam side of the heat 
exchanger.  The sight glass allowed for visual observation of the amount of condensate flooding occurring in the 
heat exchanger.  Once the condensate exits the heat exchanger and sight glass it passes through a Coriolis mass flow 
meter (Micromotion S012S100).   Two type T thermocouples measure the temperatures of the steam/condensate.  
One is placed at the entrance to the heat exchanger, while the other is located at the exit.  The steam, prior to 
entering the heat exchanger, is passed through a condensate separator.  The separator effectively eliminates any 
condensate formed in the steam line, and thereby insuring that the steam enters the exchanger as a saturated vapor 
(x=1). 
 
2.2.3  Test Section Description 
 The test sections are comprised of two copper bars along with two cooling (water) jackets.  The test section 
is sandwiched in between the two copper bars, while the cooling jackets are soldered to the sides opposite the test 
section.  This technique of using the copper bars acts as an isothermal material between the cooling jacket and 
refrigerant.  This layout is detailed in Figure 2.2.  This design allows for the water to remove up to 400W from the 
refrigerant. 
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 A side view of the test section with the locations of temperature measurements appears in Figures 2.3 and 
2.4.  The test section is 0.9144 m (36”) long and either 4 or 5 temperature measurement stations were located along 
a test section tube’s length.  The thermocouples are mechanically attached to the wall in a very unique way.  Using a 
knife, an angled slit was cut into the aluminum tube wall at each location.   30 gauge Type T thermocouple wire is 
than inserted into this slit while the cut out edge is then folded back over the wire to securely fasten it.  In addition to 
these wall temperature locations, the inlet and outlet refrigerant temperatures were measured using type T 
thermocouple probes.  The cold water circulating through the water jackets are measured at the inlet and outlet.  
Both of these measurements are done with type T thermocouples.   
 Pressure taps are soldered outside the ball shutoff valves at both the inlet and outlet position.  The inlet 
pressure tap is connected to an absolute pressure transducer (Setra model 225), and both inlet and outlet are 
connected to a differential pressure sensor (Sensotec Z/1309-12-01). A test series was set up to measure the amount 
of pressure drop caused by the two ball valves located between the pressure taps.  Three corrective equations were 
found, one for each mass flow tested (G=80, 160, 270 kg/m2-s). 
 Two different types of internal geometries were used in this experiment:  smooth, and an axially enhanced 
microfin tube. Both of these tubes are aluminum and have a nominal outside diameter of 9.5 mm (0.375”).  The 
internal diameters have nominal lengths of 0.72 mm (0.3”).  The enhanced tube has 60 microfins placed 
circumferentially around the tube.  The area enhancement created by these fins is approximately 2.2 over the smooth 
tube.  As will be described later, an altered enhanced tube was also tested in which the microfin height and shape 
were changed. 
2.2.4  Test Section Water Loop 
 A recirculating water loop is used to circulate the cooling water through the water jackets on the test 
sections.  A constant temperature bath with digital controller (Thermo Neslab model RTE-220) is used to both pump 
the water but also to maintain a constant inlet water temperature.  Distilled water is pumped through a filter and then 
through a turbine-type volumetric flow meter (Cole Parmer #EW-32709-60).  Upon exiting the flow meter, the 
water enters the ‘selection board’ where by various valves it is directed into the desired test section.  The water 
flows in a direction counter to that of the refrigerant in the test section.  Two direct flow variable area flow meters 
(rotameters) and a set of needle valves are used to visually insure that there are equal flows to the top and bottom 
portions of the test sections.  After exiting the test section, the water continues by flowing back to the constant 
temperature bath.  The selection board is also used to switch between the pressure taps on the two different test 
sections. 
 
2.2.5  Test Conditions 
 Ammonia experiments were conducted over a range of qualities and mass fluxes with an average saturation 
temperature of 35 ºC.  A few of the data points were taken at other temperatures between 25 to 45 ºC.  The mass flux 
varied from 20 kg/m2-s to 270 kg/m2-s.  The inlet quality was varied from 0 percent up to 95 percent. 
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2.2.6  Instrumentation and Uncertainty Analysis 
 The uncertainty of any experiment determines the reliability of the experimental data.  This uncertainty can 
be treated in various different ways.  For instance, in many experiments one may repeat an experiment at the same 
condition several times.  This allows the results to be treated statistically in order to determine the mean and 
standard deviation of the data.  Unlike these repetitive experiments, two phase refrigerant experiments often require 
a substantial amount of time to reach steady state.  Therefore, most of the literature on two-phase flow heat transfer 
uses a method called single sample uncertainty analysis.  
 The uncertainty analysis method used to treat the experimental data here is the method described by Moffat 
(1988).  This method estimates the uncertainty in a variable “y” that depends on “N” independent variables (xi’s) 
that can not be determined exactly.  The equation for the uncertainty in “y” is “δy”: 
  ∑
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 The uncertainty of each measured quantity consists of the uncertainty in the measurement devices, the 
uncertainty of the data-acquisition equipment, the uncertainty in the sensor to data acquisition system, and 
conceptual errors.  Three different experimental variables are the focus of this uncertainty analysis.  These variables 
include the heat transfer coefficient, the inlet quality of the refrigerant (entering the test section) and the pressure 
drop of the refrigerant (dP) across the test section.  The following is a list of experimental components that 
contribute to these uncertainties.   
1. Wall temperature measurement 
2. Inlet and outlet water temperatures 
3. Surface area measurements 
4. Water flow measurements 
5. Steam flow measurements 
6. Refrigerant flow measurements 
7. Differential pressure measurements 
8. Inlet and outlet refrigerant temperatures 
9. Pre heat refrigerant temperature 
10. Inlet and outlet steam/condensate temperatures 
11. Heat loss prediction 
12. Prediction of the thermal resistance of the aluminum tube wall 
 
 In a complete analysis of uncertainty, all of the uncertainties of the aforementioned components would be used.  But 
the method used in this study (root sum square) minimizes the effect of small uncertainties relative to larger 
uncertainties so greatly that the small uncertainties can be neglected with negligible loss of accuracy.  From this 
basis, for example, the aluminum wall thermal resistance due to its high conductivity was neglected.  
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Equation 2.2 is the expanded version of equation 2.1.  It is expanded to include all of the components 
contributing to the uncertainty calculation of the heat transfer coefficients.  
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Equation 2.2 provides considerable insight on how each individual component affects the total uncertainty of the 
heat transfer coefficient.  For instance, the uncertainty in the saturation and wall temperatures are divided by the 
temperature difference between them, each yielding a component uncertainty equal to the percentage uncertainty in 
the temperature difference.  The uncertainties on the water side heat transfer rate and heat loss are both divided by 
their sums.  This indicates that the heat loss makes up a small fraction of the overall heat transfer.  This is true even 
when a large uncertainty percentage exists for the spurious heat loss.   
 Furthermore, equation 2.2 shows that the water, saturation and wall temperature measurements contribute 
the most to the overall uncertainty.  The inlet and outlet water and saturation temperatures were measured using type 
T copper-constantan thermocouple probes.  These probes were calibrated against a NIST-traceable platinum RTD 
thermometer (Omega DP-241, ±0.035ºC accuracy) using a constant temperature water bath.  Separate calibration 
curves were fit to the data for each thermocouple.  The thermocouples were ‘spot-checked’ periodically throughout 
the course of the project and they were found to be within ±0.1C of their original calibration.  Therefore, the 
associated absolute uncertainty that accompanies these temperature measurements was set at ±0.1C.   
 Unlike the calibration methods used for the water and saturation temperatures, the tube wall temperatures 
were calibrated against the saturation temperatures in situ.  Saturated refrigerant was run through the test section at a 
constant saturation temperature until the change in wall temperature was less than 0.05 ºC per minute thereby 
insuring an isothermal test section.  This was done at five different saturation temperatures.  The calibration curves 
were then generated by plotting each different wall location versus the saturation temperature using the set of five 
different temperatures.  This calibration data was inputted into the data acquisition system.  The different wall 
temperatures agreed to within ±0.04C.  Again, the wall temperatures have been ‘spot-checked’ periodically 
throughout the course of the activities and found to be within ±0.1C of their original calibration.  Therefore, the 
absolute uncertainty that was assigned to the wall temperature measurements was ±0.1C per location. 
 The water flow rate was measured by a turbine type volumetric flow meter (Cole Parmer #EW-32709-60).  
This meter was calibrated using a bucket-stop watch method.  Over 20 calibration points were taken by measuring 
the amount of water flowing into a bucket.  The time per each calibration point was measured using a handheld 
electronic stop watch.  This method proved to be very accurate, as the uncertainty between the calibration points and 
the resulting calibration curve was less than ±1%. 
 A second source of uncertainty in this project is the uncertainty associated with the differential pressure and 
absolute pressure measurements.  A Sensotec differential pressure transducer (Z/1309-12-01) with an operating 
range of 0-5 psid (0-35 kPa) was used to monitor the pressure drop across the test section.  It has an accuracy of 
±0.25% full scale.  The absolute pressure transducers used to measure the test section inlet and preheat inlet 
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pressures are Setra model GTC225.  These also have an uncertainty of ±0.25 full scale and have an operation range 
of 0-250 psig (0-1724 kPa).   
 The absolute pressure transducers were both calibrated against the same pressure calibrator.  An SI 
Pressure Instruments #DTG-2K-30 (±1.5 kPa calibrated accuracy at range of interest) was used to do this 
calibration.  The differential pressure transducer was calibrated against a water manometer.  First order calibration 
curve fits were applied to each instrument.   
 As mentioned earlier, two coriolis-type mass flow meters are used to measure the mass flow rates in the 
refrigerant and steam condensate lines.  These sensors operate by measuring the vibrational frequency of a U-tube, 
and a specific 4-20mA current output corresponds to a given flow rate.  The refrigerant mass flow meter is a 
Micromotion model F025S319S with a maximum flow rate of 0.605 kg/s and an accuracy of ±0.2% of the reading.  
The condensate mass flow meter is a Micromotion model S012S100 with a maximum flow rate of 0.038 kg/s and an 
accuracy of ±0.15% of the reading. 
 All temperature, flow rate, and pressure measurements were calibrated while being connected with the data 
acquisition system.  This ‘end-to-end’ method effectively eliminates any error associated with the electrical 
connections used or by the differences in measurement techniques when. 
 
2.2.7  Data Acquisition 
Process parameters are measured by a computerized data acquisition system comprised of an Agilent 
34970A switch unit connected to a personal computer.  An internal 6.5 digit (22 bits) multimeter allows 
measurements to be conducted from the three multiplexer boards to which the instrument outputs are connected.  
The switch unit can scan up to 250 channels per second with a basic VDC (direct current voltage) accuracy of 
±0.004%.  Two 20 channel voltage modules (Agilent 34901A) are used for all temperature measurements.  The 
Agilent 34901A also has the capability to measure two current sources.  These current channels are used to measure 
the micromotion coriolis type flow meters.  The scan rate of the 34901A multiplexer is 60 channels per second.  One 
16 channel multiplexer board (Agilent 34902A) is used to measure voltage outputs of the various pressure 
transducers, water flow meter, and power meters.  The scan rate of the 34902A is 250 channels per second.  The 
multiplexer boards are connected to jack panels with grounded and shielded wire to limit electrical interference and 
drifting in the measured voltages.  The jack panels allow for quick connection of instrument outputs and 
thermocouples to the data acquisition system. 
 This system, interfacing with HP VEE data acquisition software, allows visual readouts of desired 
parameters as well as broad data analysis capabilities.  Several computations are performed in the data acquisition 
program, such as calculating mass flux, heat flux, test section inlet quality, and quality change during condensation.  
HP VEE also interfaces easily with Microsoft Excel, which facilitates data recording and analysis.  An interface was 
made with REFPREX through Microsoft Excel.  REFPREX is an offshoot of REFPROP which is a piece of 
software that calculates the properties of various refrigerants.  Through this interface the various enthalpies of the 
refrigerants were calculated based off of measured pressures and temperatures. This allowed for an easy, accurate 
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method of calculating the inlet quality, and change in quality.  This information was then passed back to HP VEE 
via Microsoft Excel. 
 
2.2.8  Calculated Parameters 
 As mentioned above, the HP VEE data acquisition program in conjunction with REFPREX performs 
several computations necessary to carry out experimental procedures.  Of importance are the following parameters:  
refrigerant mass flux, enthalpies at various locations, inlet quality, and heat transfer coefficients. 
 Mass flux is simply determined by dividing the total mass flow rate by the test section cross sectional area.   
 The refrigerant’s enthalpies are calculated at two locations through the use of energy balances.  The first 
location is the enthalpy calculation of the subcooled liquid prior to entering the evaporator/condition heat exchanger.  
This is done by simply measuring the pressure and temperature at this location and using the following equation: 
  ( )lsubllsub PPvhh −+=  (2.3) 
Internal energy for the subcooled and saturated liquid states is assumed to be equal; however, a small modification is 
used for the Pv term in the enthalpy relation.  As can be seen from equation 2.3, the Plvl term is subtracted while the 
Psubvl term is added.  Since in subcooled conditions, vl very nearly equals vsub, the Psubvl term is nearly exact. 
 Knowing the enthalpy of the subcooled liquid is the first step in determining the refrigerant’s quality at the 
test section inlet.  The second step is calculating the energy or heat that goes into the refrigerant by the steam in the 
evaporator/conditioner.  This is calculated by doing an energy balance using the measured parameters on the steam 
side.  PHQ&  is the derived in the following equation: 
  ( )( )out,condensatein,steamcondensate,psteam,fgcondPH TTchmQ −⋅+= &&  (2.4) 
Equation 2.5 is used to determine the refrigerant’s enthalpy at the test section inlet 
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 (2.5) 
In the above equation, the heat rate divided by the refrigerant’s mass flow rate is added to the subcooled enthalpy 
level.  The result is the enthalpy level of the refrigerant exiting the evaporator.  Because the test loop is insulated it is 
assumed that heat losses/gains from the ambient air is negligible and that the enthalpy levels at the test section inlet 
and evaporator outlet are equal.  Knowing the test section inlet enthalpy, the inlet vapor quality can be calculated. 
  
lv
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hh
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−= _  (2.6) 
In the above equation (2.6), the saturated liquid and vapor enthalpies are calculated using the REFPREX software.  
During the heat transfer experiments, similar energy balances are used to calculate the change in quality throughout 
the length of the test section. 
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2.2.9  Heat Exchange Experiments 
The main goal of this project was to characterize the heat transfer coefficients and pressured drop of two-
phase ammonia under condensation conditions.  The majority of the two-phase condensation experiments were 
conducted at a saturation temperature of 35 ºC (95 ºF) with a few selected points taken at 25 ºC and 45 ºC (77 ºF and 
113 ºF).  A combination of the steam and chilled water loops were utilized to achieve these set temperatures.  For 
flows that require a low heat input from the steam side (i.e. low G, low x), the steam heat exchanger would be 
flooded with condensate, causing less heat input.  In addition to this, the amount of chilled water circulation 
throughout the subcooled heat exchanger was reduced.  By combining these two techniques, the desired saturation 
temperature was attained.  For flows that require a relatively high heat input from the steam side (i.e. high G, high 
x), the level of condensate flooding is reduced (hence more heat input).  Also, the amount of chilled water in 
circulation was increased, taking more heat out of the refrigerant and thereby lowering the saturation temperature.   
These two-phase experiments were conducted at inlet qualities of 0, 10, 20 ,40, 60, 80, 90, and 95%.  The mass 
fluxes used were 20, 40, 80, 160, and 270 kg/m2-s.  Due to limitations in the sizing of the steam side flat plate heat 
exchanger, flows over a quality of 60% and a mass flux of 270 kg/m2-s were very difficult to achieve.  The cooling 
water was circulated in a direction counter to that of the refrigerant.  The temperature and flow rate of the cooling 
water was controlled to attain the desired 4-6ºC (7-11ºF) temperature difference (Tcw,out-Tcw,in).  In addition to this, a 
test section heat flux of 4-10 kW/m2 (1270-3170 Btu/h-ft2) was set as the standard. 
 
2.2.10  Methodology 
This subsection covers the necessary equations that are solved to determine both the pressure drop and the 
heat transfer coefficients.  The pressured drop across the test sections is measured by a differential pressure 
transducer.  Although this pressure drop is important, it is necessary to normalize it with respect to length to 
compare with existing literature.  This is done by the data acquisition system.  The nominal pressure drop is divided 
by the length of the tube in between the pressure taps.  This length is approximately 114.3 cm (45”).  
Determining the heat transfer coefficient proves to be more of a challenge.  Several parameters are needed 
to solve for it.  One parameter, the test section heat input is calculated by using the known parameters on the water 
side of the test section.  Equation 2.7 lends insight into this calculation.   
 ( ) ( )out,cwin,cwpts TTcVQ −ρ= &&  (2.7) 
The test section heat flux can then be calculated from this by simply dividing the heat transfer above by the total 
surface area of the test sections.  Due to the length of the copper bar (91.5 cm, or 36”), only that length is used in the 
calculation of the effective test section surface area.  The average heat transfer coefficient can then be calculated 
using the following: 
 
)TT(A
Q
h
refrwsurf
ts
−=
&
 (2.8) 
Since there are different wall temperature measurements along the length of each test section, the refrigerant 
temperatures must be calculated at each of those locations.  This is accomplished by interpolating between the inlet 
and outlet temperature readings.  The wall temperatures are compensated for conduction to find the wall surface 
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temperature at each of their locations.  The temperature differences Tw-Trefr are then averaged.  Because each cover 
equal amounts of the test section in terms of area, a straight average was used. 
 
2.3 Smooth Tube Heat Transfer Results 
There are three sets of data for pure ammonia in smooth tubes. A unique feature of this investigation is the 
construction of a different test section for each set of pure ammonia data. The first data sets were taken using 16 
thermocouples, with 4 temperature measurement stations in which 4 thermocouples are placed circumferentially at 
each axial location. The second and third data sets were taken using test section tubes with 5 axial temperature 
measurement locations 20 thermocouples, in order to provide additional axial temperature information. 
In general, the heat transfer coefficient increases with mass flux and quality, except for a limited range of 
mass flux. This section will be divided into four subsections, where the first three sections will discuss each 
individual data set and the last section will discuss the similarity and difference among the three data sets. 
2.3.1 First Set of Ammonia Data 
Figure 2.7 shows the average heat transfer coefficient versus quality for six different levels of mass flux.  
The average heat transfer coefficient, as presented in section 2.2.10, is averaged over 16 to 20 wall thermocouples 
placed along the test section length and circumference.  Also, the average heat transfer coefficient is based on an 
average quality defined as the average of the entrance and exit qualities for a test section.  The general trend shows 
that as the mass flux increases, the heat transfer coefficient also increases. However, the heat transfer coefficients at 
G = 80 kg/m2–s are lower than heat transfer coefficients at G = 40 kg/m2–s. One possible explanation is at G = 80 
kg/m2–s the flow starts to change from stratified wavy flow to annular flow. The stratified wavy flow has more 
waves that agitate the liquid layer which results in higher heat transfer.  The transition region between stratified 
wavy to annular has a different wave structure in which may have a higher thermal resistance. As will be discussed 
in the succeeding sections, and also discussed by Vollrath (2003), this dip in heat transfer at in the 80 kg/m2 –s mass 
region consistently occurred.   
At G =120 kg/m2 –s, the heat transfer coefficients are also less than the ones at G = 40 kg/m2–s, but only 
for low to medium quality (x = 0.1-0.6). At higher quality, x = 0.8, the heat transfer coefficient turns out to be higher 
than G = 40 kg/m2–s. The flow might have developed to a fully annular flow, and the thickness of the liquid film is 
thin enough such that it reduces the thermal resistance. The vapor core also moves at a greater velocity and caused 
turbulence in the liquid flow.  
The heat transfer coefficients at G = 160 kg/m2–s and 270 kg/m2–s definitely show the characteristics of 
annular flow. The heat transfer coefficient increases rapidly as a function of quality for the same mass flux, where 
the low mass flux heat transfer coefficients in stratified flow are relatively constant throughout a full range of 
quality. 
Figures 2.8 – 2.13 shows the average heat transfer variation at the circumferential for six different mass 
fluxes. The letter “a, b, c, d” denotes the thermocouple position along the circumference of the tube. For the lower 
mass fluxes of G = 20 and 40 kg/m2–s, the heat transfer coefficients are highest at the top and lowest at the bottom. 
This variation of heat transfer coefficients suggests that the top portion of the tube has a thinner film and the bottom 
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has a thicker film. This is one of the characteristics of Chato’s model for condensation in horizontal tube. As 
condensation begins, a liquid film layer is formed around the circumference of the tube. Due to gravity, the film 
starts to fall, forming thicker film at the bottom tube. Since the vapor velocity is relatively slow, there is not enough 
energy to pump the liquid back to the top. However, from Figure 2.8 and Figure 2.9, it can be seen that as the quality 
increases, the heat transfer coefficients start to merge together. From Figure 2.10, at G = 80 kg/m2–s, x = 0.4, the 
heat transfer coefficients merge into a single point. At this point, the vapor has enough kinetic energy to pump the 
liquid back to the top, thickens the film and creates a uniform thermal resistance across the tube perimeter. As the 
quality keeps increasing, the heat transfer at the bottom portion becomes higher than the top. Unlike the previous 
case, this does not necessarily mean the top has thicker liquid film than the bottom, but instead may indicate that the 
thermal resistance structure of the bottom film has changed. Hurlburt (1999) states that a turbulent liquid film can be 
separated into three regimes: the log region, the buffer region and viscous sublayer. Among those three, the viscous 
sublayer is the dominant part of thermal resistance of the liquid film. Therefore, although the bottom portion still has 
thicker film, but if it has the same viscous sublayer thickness as the top portion which has thinner film, it could 
results in the same thermal resistance value. This point also believed to be a transition region from a stratified wavy 
to annular flow, although based on Thome’s flow map, that is not the case. Based on Figure 2.11 and Figure 2.12, at 
G = 120 and 160 kg/m2–s, x = 0.2, the top and bottom heat transfer coefficients are the same. Based on Thome’s 
flow map the transition region at G = 120 and 160 kg/m2–s actually occurs at that particular quality, x = 0.2. At 
qualities higher than 0.2, the bottom heat transfer coefficient is again higher than the top, similar to G = 80 kg/m2–s. 
Figure 2.13 shows that at G = 270 kg/m2–s, the bottom heat transfer coefficient always higher than the top, except 
for x = 0.1 where they are the same. The experimental data also compared with Thome and Cavallini heat transfer 
model. Figure 2.14 and Figure 2.15 compare Thome and Cavallini correlation with the experimental results, 
respectively. The heat transfer correlation from both models is consistently 1.5-2.5 times larger than the 
experimental data. The models are less accurate in the low mass flux range or stratified flow.  A possible reason for 
the difference between the experimental heat transfer coefficients and the predicted is that the heat transfer 
coefficient is very dependent on the liquid film thickness.  In the prediction models, as the liquid film thickness 
tends toward zero, an infinite heat transfer coefficient is predicted.  We do not know how the liquid film behaves, 
however, as it becomes quite thin.  The waves on the liquid film become quite small, significantly reducing the 
interfacial shear between the vapor and liquid.  This may cause the liquid film to be thicker than that predicted by 
the current models. 
2.3.2 Second Set of Ammonia Data 
Figure 2.16 shows the average heat transfer coefficient for the second set of data. Figure 2.16 shows the 
similar trend as seen in Figure 2.7. The heat transfer coefficient at low mass flux (G = 20 -80 kg/m2–s) is not a 
strong function of quality. The heat transfer coefficients appear to be relatively constant, especially in the low 
quality range. This suggests that the flow is behaving as a stratified or stratified-wavy flow. As the mass flux 
increases, G = 120 – 270 kg/m2–s the heat transfer coefficients increases as quality increases. This implies that the 
flow is the annular region as expected. At G = 80 kg/m2–s, the heat transfer coefficient is again lower than the ones 
at G = 40 kg/m2–s. Although this is counter intuitive, this case also occurred in the first data set. 
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Figures 2.17 - 2.22 shows the corresponding heat transfer coefficient for the circumferential temperature 
measurements, for G = 20, 40, 80, 120, 160 and 270 kg/m2–s respectively. The trend that appears in the first data set 
is again can be seen in the second data set. Figure 2.17 and Figure 2.18 shows that at G = 20 and 40 kg/m2–s, the 
heat transfer coefficient is higher at the top than at the bottom at lower qualities, and are of similar levels at the high 
quality range. From Figure 2.19, it can be seen that the heat transfer was higher at the top for low qualities. At x = 
0.4, all the heat transfer coefficient merge into a single point. Afterwards as quality keeps increasing, the heat 
transfer at the bottom becomes higher than the bottom. Figures 2.20 – 2.22 shows the heat transfer data for high 
mass flux range. At low qualities (x = 0.1-0.2), the heat transfer coefficients tends to be higher at the top. At 
qualities of 0.2, the bottom becomes the dominant part. Based on this observation, the flow at G = 120 – 270 kg/m2–
s are mostly annular flow, except for the ones at very low quality (x = 0.1). 
Figure 2.23 and Figure 2.24 show the comparisons between the Thome and Cavallini correlations and the 
experimental results. The correlations tend to overpredict the experimental results. In the low mass flux range, G = 
20 – 40 kg/m2-s, the heat transfer coefficient from the model can overpredict up to three times the experimental 
value.  
2.3.3 Third Set of Ammonia Data 
Figure 2.25 shows the heat transfer coefficient versus quality for the third data set. The heat transfer 
coefficient for low range of mass flux (G = 20-40 kg/m2-s) is relatively constant within the range of 4 – 6 kW/m2. 
The heat transfer coefficient for G = 80 kg/m2-s are lower than G = 20 and 40 kg/m2-s, as shown in the previous two 
section. This indicates that the decrease of heat transfer coefficient with an increasing mass flux is quite probably 
true, something that does not seem to occur with other refrigerants with their common mass flux operation levels. 
The heat transfer coefficient increases slightly for G = 120 kg/m2-s. This shows the flow start to change from 
stratified to annular flow. During G = 160 and 270 kg/m2-s, the heat transfer coefficient increases as quality 
increases, implying that the flow type for this range of mass flux is annular flow. Figure 2.26 and Figure 2.27 
compare the Thome and Cavallini correlations with the experimental results. The experimental data are always 
lower than the correlations.   
2.3.4 Comparison of the Three Ammonia Data Sets 
This section discusses the similarities and differences among the three data heat transfer test sections and 
data sets. The first data set was collected from a test section using 16 thermocouples, with 4 thermocouples placed 
around the circumference in 4 different axial locations. The first and last axial locations are placed approximately 
0.1905 m from the inlet and outlet of the refrigerant. This was done to see better temperature variation in the middle 
portion of the test section. From the observation, the wall temperatures are a linear function of the axial location. 
The second and third data sets were taken with test section that used 20 thermocouples at 5 axial locations. The first 
and last axial locations are placed approximately 0.09525 m from the inlet and outlet of the refrigerant.  The wall 
temperatures at the outlet of the refrigerant is were consistently lower (~ 2°C) than other wall temperature. This 
indicated that the water-side heat transfer coefficient in the cooling jacket tubes was not quite developed in the first 
10 cm of the tube. As the result, the “local” refrigerant heat transfer coefficient at this particular location appears to 
be half the value on refrigerant heat transfer coefficients at the remaining axial locations. To further investigate the 
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matter, temperature measurements of the copper tube (cooling jacket) and copper bar were taken. The discussion of 
this observation is available on Appendix A.  Heat transfer coefficients were calculated in two manners using the 
average local heat transfer coefficient and using an integral method in order to take into account the axial wall 
temperature nonlinearity. The method is explained more thoroughly in Appendix A. The comparison of these two 
methods is shown in Figures A.4 – A.6 for first, second and third data sets, respectively. From the comparison, it can 
be seen that the methods agree quite well and the nonlinearity has insignificant effect. 
Figures 2.28 - 2.33 show direct comparison of the three sets of data at different mass fluxes. The third sets 
of data shows a higher heat transfer coefficient compared to other two for low range of mass flux, G = 20, 40 kg/m2-
s, as shown in Figure 2.28 and Figure 2.29. For G = 20 or 40 kg/m2-s, the flow is in the stratified to stratified wavy 
region, therefore it is expected that the heat transfer coefficient to vary with more or less wave in the flow. Figures 
2.30 – 2.33 compares the data sets for medium and high range of mass fluxes. The three sets of data are very 
consistent for these higher ranges of mass flux.  
2.4 Smooth Tube Pressure Drop Results 
There are also three sets of pressure drop data on the pure ammonia. However, these data sets are collected 
using different test section configuration and a change in pressure transducer. The first two data sets were collected 
with plug valve at each end of the test section. Because the plug valves caused some additional pressure drop, a 
pressure drop correction factor was developed for these two sets of data. The third data set was collected without 
using valves, allowing smoother transition of the flow into and out of the test section. This section will discuss each 
individual data set in the subsections and compare the results with existing pressure drop correlations from Friedel 
(1979), Jung and Radermacher (1989) and Souza (1993). The pressure drop information from the three test section 
data sets will also be compared together in the last subsection.  
2.4.1 First Set of Ammonia Data 
Figure 2.34 shows the pressure gradient for four different mass fluxes without the correction factor. The 
pressure drop for mass fluxes less than 80 kg/m2-s is not presented, because the pressure drop levels were very low 
and difficult to measure accurately. The trends shown in Figure 2.34 are consistent with those explained in the open 
literature. The pressure drop increases with quality until a quality of about 0.7 – 0.8. After this point, the pressure 
drop can either stay constant or tends to decrease depending on the mass flux. The explanation for the decrease in 
the pressure drop at high qualities is due to the liquid film thickness variation. At low qualities, the liquid film is 
thick enough to allow turbulent waves form. The interaction between the vapor and the liquid phases at the interface 
between the turbulent liquid waves is the major cause of the pressure drop. As the quality increases, the liquid film 
becomes thinner and the liquid wave height decreases therefore decreasing the dissipative interaction between the 
vapor and liquid phases. When the flow is at high enough mass flux and quality, the liquid film is too thin to form 
significant wave structures, thus lowering the pressure drop. The pressure drop also increases with increasing mass 
flux. As mass flux increases, the vapor velocity of the flow increases, resulting in more turbulent interaction 
between the vapor and liquid phases, thus causing higher pressure drop. 
Figure 2.35 shows the corrected pressure gradient of the smooth tube section. The pressure drop correction 
term was developed by Vollrath (2003) who performed a series of pressure drop tests on the plug valves to 
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determine their pressure drop characteristics over the range of mass fluxes and qualities used in this study. The 
pressure drop decreases significantly, as high as 30% for high quality ≥ 0.8. Figure 2.36 compares the uncorrected 
and corrected pressure gradient data with the Friedel pressure drop model.  Figure 2.37 and Figure 2.38 shows the 
comparison of data sets with the Jung and Radermacher model and the Souza model, respectively. Generally, these 
three pressure drop correlations predict the pressure drop quite well. Among those three models, the Jung and 
Radermacher correlation is the one that most accurately predicts the uncorrected data and Friedel correlation is the 
one that most accurately predicts the corrected data. The Jung and Radermacher and the Souza correlations tend to 
overpredict the corrected. It should be noted that when using these three pressure drop correlations with other 
common refrigerants (e.g., R134a, R22 and R410A), the Friedel tends to give the lowest pressure drop predictions, 
followed by the Souza, and then the Jung and Rademacher. 
2.4.2 Second Set of Ammonia Data 
Although the second set of ammonia data was collected using different test section tube, the data show 
similar trends as the first data set. Figure 2.39 shows the uncorrected pressure drop for the second set of data and 
Figure 2.40 displays the corrected pressure drop. Figures 2.41 - 2.43 compare the experimental data with the Friedel, 
Jung and Radermacher and Souza correlations, respectively. The Friedel and Souza models tend to underpredict the 
uncorrected pressure drop data, especially in the high mass flux and quality range. The Jung and Radermacher and 
the Souza model tend to overpredict the corrected data, and the Friedel model predicts them fairly accurately.  
2.4.3 Third Set of Ammonia Data 
The third set of ammonia data was collected using the third test section tube, with an altered test section 
configuration and a different pressure transducer, as shown in Figure 2.44. The plug valves used in the previous two 
test section data sets were removed and couplings with the same inside diameter as the test section tube were used to 
connect the test section to the tube containing the pressure measurement taps. Therefore, no correction factor was 
necessary for this set of data. A different pressure transducer was used in collecting this set of data .The new 
pressure transducer has increased resolution  allowing more accurate measurement of lower pressure drop data. 
Figure 2.44 shows the pressure drop data with similar trends as shown in Figure 2.34 and Figure 2.39.  Figure 2.45 
shows the Friedel correlation underpredict the data. Figure 2.37 shows the Jung and Radermacher model 
overpredicts the pressure gradient data. The Souza model predicts the pressure gradient data very accurately, as 
shown in Figure 2.47. 
2.4.4 Comparison of the Three Ammonia Data Set 
This subsection serves as direct comparison of three sets of data at different mass fluxes.  Figures 2.48 - 
2.51 compare the three sets of data on mass fluxes of 80, 120, 160 and 270 kg/m2-s, respectively. For the mid range 
of mass flux, G = 80 and 120 kg/m2-s, the pressure drop from the three sets of data are very consistent with each 
other. In Figure 2.50, when quality is greater than 0.9, the pressure drop from the first data set is significantly lower 
than the third data set. The reason is because for the first set of data, G = 160 kg/m2-s, x = 0.95, the saturation 
temperature is around 40°C. This increase in temperature compared to the third set of data taken at temperature 
35°C causes a decreased pressure drop. Higher saturation temperature increases the vapor density which results in 
lower vapor velocity at a given mass flux. Lower vapor velocity will cause lower turbulent interaction between the 
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vapor and liquid phases, and therefore, will reduce the pressure drop. A similar occurrence also happened with G = 
270 kg/m2-s and x = 0.6 comparison shown in Figure 2.51. In general, all three sets are able to demonstrate 
repeatability of the test section, regardless of the test section tube, test section configuration or pressure transducer. 
2.5 Figures 
 
Figure 2.1 Schematic of ammonia loop test facility 
 
Figure 2.2 Cross section view of test section with copper bar 
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Figure 2.3 Side view of test section with 4 axial thermocouple locations 
 
Figure 2.4 Side view of test section with 5 axial thermocouple locations 
 
Figure 2.5 Side view of test section with plug valve and pressure tap locations 
 
Figure 2.6 Side view of test section with pressure tap locations 
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Figure 2.7 Heat transfer coefficient for first set of ammonia data for smooth tube (mass flux, G, in kg/m2-s) 
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Figure 2.8 Heat transfer coefficient around the circumference for first set of ammonia data for smooth tube, 
G = 20 kg/m2-s 
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Figure 2.9 Heat transfer coefficient around the circumference for first set of ammonia data for smooth tube, 
G = 40 kg/m2-s 
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Figure 2.10 Heat transfer coefficient around the circumference for first set of ammonia data for smooth tube, 
G = 80 kg/m2-s 
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Figure 2.11 Heat transfer coefficient around the circumference for first set of ammonia data for smooth tube, 
G = 120 kg/m2-s 
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Figure 2.12 Heat transfer coefficient around the circumference for first set of ammonia data for smooth tube, 
G = 160 kg/m2-s 
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Figure 2.13 Heat transfer coefficient around the circumference for first set of ammonia data for smooth tube, 
G = 270 kg/m2-s 
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Figure 2.14 Thome correlation versus experimental results for first set of ammonia data (mass flux, G, in kg/m2-
s) 
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Figure 2.15 Cavallini correlation vs. experimental results for first set of ammonia data (mass flux, G, in kg/m2-s) 
0
1
2
3
4
5
6
7
8
9
10
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Vapor Quality [-]
H
ea
t T
ra
ns
fe
r C
oe
ffi
ci
en
t (
kW
/m
2 -
K
)
G=20 
G=40
G=80
G=120 
G=160
G=270
 
Figure 2.16 Heat transfer coefficient for second set of ammonia data for smooth tube (mass flux, G, in kg/m2-s) 
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Figure 2.17 Heat transfer coefficient around the circumference for second set of ammonia data for smooth tube, 
G = 20 kg/m2-s 
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Figure 2.18 Heat transfer coefficient around the circumference for second set of ammonia data for smooth tube, 
G = 40 kg/m2-s 
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Figure 2.19 Heat transfer coefficient around the circumference for second set of ammonia data for smooth tube, 
G = 80 kg/m2-s 
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Figure 2.20 Heat transfer coefficient around the circumference for second set of ammonia data for smooth tube, 
G = 120 kg/m2-s 
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Figure 2.21 Heat transfer coefficient around the circumference for second set of ammonia data for smooth tube, 
G = 160 kg/m2-s 
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Figure 2.22 Heat transfer coefficient around the circumference for second set of ammonia data for smooth tube, 
G = 270 kg/m2-s 
 25
0
5
10
15
20
25
0 5 10 15 20 25
Experimental Heat Transfer Coefficient (kW/m2-K)
Pr
ed
ic
te
d 
H
ea
t T
ra
ns
fe
r C
oe
ffi
ci
en
t (
kW
/m
2 -
K
)
G=20
G=40
G=80
G=120
G=160
G=270
+20%
-20%
 
Figure 2.23 Thome correlation vs. experimental results for second set of ammonia data (mass flux, G, in kg/m2-
s) 
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Figure 2.24 Cavallini correlation vs. experimental results for second set of ammonia data (mass flux, G, in 
kg/m2-s) 
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Figure 2.25 Heat transfer coefficient for third set of ammonia data for smooth tube (mass flux, G, in kg/m2-s) 
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Figure 2.26 Thome correlation vs. experimental results for the third set of ammonia data (mass flux, G, in 
kg/m2-s) 
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Figure 2.27 Cavallini correlation vs. experimental results for the third set of ammonia data (mass flux, G, in 
kg/m2-s) 
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Figure 2.28 Comparison of heat transfer coefficients sets, G = 20 kg/m2-s 
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Figure 2.29 Comparison of heat transfer coefficients sets, G = 40 kg/m2-s 
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Figure 2.30 Comparison of heat transfer coefficients sets, G = 80 kg/m2-s 
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Figure 2.31 Comparison of heat transfer coefficients sets, G = 120 kg/m2-s 
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Figure 2.32 Comparison of heat transfer coefficients sets, G = 160 kg/m2-s 
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Figure 2.33 Comparison of heat transfer coefficients sets, G = 270 kg/m2-s 
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Figure 2.34 First set of uncorrected pressure drop data (mass flux, G, in kg/m2-s) 
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Figure 2.35 First set of corrected pressure drop data (mass flux, G, in kg/m2-s) 
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Figure 2.36 Comparison of Friedel correlation with experimental data for first set of ammonia data (mass flux, 
G, in kg/m2-s) 
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Figure 2.37 Comparison of Jung Radermacher correlation with experimental data for first set of ammonia data 
(mass flux, G, in kg/m2-s) 
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Figure 2.38 Comparison of Souza correlation with experimental data for first set of ammonia data (mass flux, G, 
in kg/m2-s) 
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Figure 2.39 Second set of uncorrected pressure drop data (mass flux, G, in kg/m2-s) 
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Figure 2.40 Second set of corrected pressure drop data (mass flux, G, in kg/m2-s) 
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Figure 2.41 Comparison of Friedel correlation with experimental data for second set of ammonia data (mass 
flux, G, in kg/m2-s) 
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Figure 2.42 Comparison of Jung Radermacher correlation with experimental data for second set of ammonia data 
(mass flux, G, in kg/m2-s) 
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Figure 2.43 Comparison of Souza correlation with experimental data for second set of ammonia data (mass flux, 
G, in kg/m2-s) 
0
2
4
6
8
10
12
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Vapor quality [-]
dP
/d
z 
(k
Pa
/m
)
G=80
G=120
G=160
G=270
 
Figure 2.44 Third set of pressure drop data (mass Flux, G, in kg/m2-s) 
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Figure 2.45 Comparison of Friedel correlation with experimental data for third set of ammonia data (mass flux, 
G, in kg/m2-s) 
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Figure 2.46 Comparison of Jung Radermacher correlation with experimental data for third set of ammonia data 
(mass flux, G, in kg/m2-s) 
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Figure 2.47 Comparison of Souza correlation with experimental data for third set of ammonia data (mass flux, G, 
in kg/m2-s) 
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Figure 2.48 Comparison of three pressure drop sets, G = 80 kg/m2-s 
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Figure 2.49 Comparison of three pressure drop sets, G = 120 kg/m2-s 
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Figure 2.50 Comparison of three pressure drop sets, G = 160 kg/m2-s 
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Figure 2.51 Comparison of three pressure drop sets, G = 270 kg/m2-s 
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Chapter 3. Ammonia Oil Condensation Results 
3.1 Introduction 
Predicting the effects of refrigerant-oil mixtures is perhaps the oldest unresolved problem in the HVAC&R 
industry. Although the oil concentration is small, from negligible up to 5% of refrigerant charge, on the evaporator 
side the local oil concentration could become as high as 70 to 80 % in mass fraction (Thome 1995). This could 
significantly alter the heat transfer coefficients and reduce effective refrigeration capacity of the system. The present 
study will investigate the effect of oil on heat transfer coefficient and pressure gradient of ammonia under 
condensation conditions. The oil that was used is polyalkylene glycol (PAG) ISO 68. The circulating oil 
concentration ranges from 1 to 5% (by mass).  
3.2 Test Facilities and Experimental Procedures 
The testing of refrigerant oil mixtures requires additional operating procedures to that of a pure refrigerant. 
The method use to inject the oil into the refrigerant loop is discussed in section 3.2.1. Section 3.2.2 explains the 
procedure to measure the oil concentration by direct sampling. Online oil concentration measurement is explained in 
section 3.2.3. Ammonia oil mixture property prediction is explained in section 3.2.4. 
3.2.1 Oil Charging  
In order to have a right amount of oil mass concentration, the total mass of ammonia in the refrigerant loop 
is measured. Oil mass required is estimated by multiplying the desired concentration by the mass of pure ammonia. 
To put the oil into the system, oil was the injected into a small cylinder tank using a syringe. The oil concentration in 
the cylinder is known as the “static concentration” (moil / mref+oil). The “oil concentration” in this study means “flow 
concentration” ( oilm& / oilrefm +& ), unless it is stated otherwise. The cylinder was cooled down to around 0°C. Air in 
the cylinder was removed by using a vacuum pump. Afterward, the cylinder was attached to the loop between the 
exit of the evaporator and inlet of the test section as shown in Figure 3.1. The cylinder was placed upside down, 
allowing the oil flow to the bottom of the cylinder. The ball valve that connected the cylinder and the system was 
then opened. Since the temperature and pressure in the cylinder was lower than the system, ammonia would enter 
the cylinder and condense. The ball valve was then closed. The cylinder was heated up using a heat gun until it was 
warm. The system pressure and temperature in the flow loop was lowered to approximately 15-20°C. When the ball 
valve was opened again, ammonia vapor in the cylinder pushes the oil into the system, leaving the cylinder almost 
empty. The ball valve was closed again, and the remaining ammonia in the cylinder was slowly vented to the air 
exhaust duct. The oil concentration in the system changes depending on the mass flow rate and quality. Therefore, it 
is necessary to adjust the oil in order to get to the desired nominal concentration, especially in the high quality range. 
Some oil hold up occurs in fittings, valves, heat exchanger and tubing of the system. Therefore, the amount of oil 
that is flowing is less than the amount actually in the system. Flow concentration of oil was determined by doing oil 
sampling and using flow meter density output which would be discussed in the next section. 
3.2.2 Oil Sampling 
During the data collection, the flowing oil concentration was determined using the flow meter density 
output feature. By knowing the mixture density, ammonia density, and oil density at specific temperature, the oil 
 41
concentration can be calculated. This method was confirmed by direct sampling. Direct sampling is accomplished by 
discharging a liquid sample of ammonia-oil mixture into a stainless steel container. This procedure is described in 
ASHRAE standard 41.1 (1984). First, a 300 ml stainless steel container is evacuated and weighed on a precision 
scale. The accuracy of the scale is ±0.01 g. This weight is known as the dry weight. Next, the container is connected 
to the loop at the inlet before the preheater to ensure that the ammonia-oil mixture is in liquid state. Approximately 
50 g of the liquid mixture is drawn from the loop. The container is then weighed again, and the mass of the mixture 
calculated. The container is then heated to allow the refrigerant vapor slowly bleed such that no oil escaped with the 
ammonia. When most of ammonia has escaped from the container, it is attached to a vacuum pump to remove any 
remaining ammonia in the container. The container is weighed again for the third time, and the oil mass is calculated 
by subtracting this weight from the dry weight. The oil concentration is simply the mass of oil divided by the mass 
of mixture. Note that in the liquid line, the concentration measured is the flow concentration of oil.  
3.2.3 Online Measurement of Circulating Oil Concentration 
Online measurement of oil concentration by utilizing a density flowmeter is possible due to large difference 
between liquid ammonia density and oil density. The circulating oil concentration can be determined by equation 
3.1.  
( )
oilpure
mixpure
mixture
oil
ρρ
ρρρ
ρ
ω −
−×⎟⎟⎠
⎞
⎜⎜⎝
⎛
=  (3.1) 
where ρmix is the mixture density of ammonia and oil measured by the micromotion flowmeter. The liquid line 
flowmeter has outputs for both temperature and density and is located between the pump and the inlet of the 
preheater. Since the temperature of the subcooled liquid will change depending on the operating conditions, it is 
imperative to take into account the temperature effect on the mixture density in calculating the oil concentration. 
Figure 3.2 illustrates how the pure ammonia density changes with temperature. The relationship of oil density and 
temperature is shown in equation 3.2. 
0618.10013.0104 26 +−×= − TToilρ  (3.2) 
where T is the measured liquid line temperature in °C. 
This online measurement of oil concentration was confirmed by direct sampling as explained in section 
3.2.2. From Figure 3.3, it can be seen that the oil concentration from online measurement agrees well with the direct 
sampling method.  
3.2.4 Ammonia Oil Mixture Properties 
One of the approaches to determine ammonia-oil properties is one that treats an ammonia-oil mixture as a 
zeotropic mixture with a temperature glide (Thome 1995).  
This thermodynamic approach overcomes the negative aspect of using pure ammonia properties for 
determining the heat transfer coefficient. However, it requires methods for determining bubble point temperature 
and enthalpy changes of ammonia-oil mixtures during phase change (evaporation or condensation). Since the vapor 
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pressure of oil is much less than ammonia, its concentration in vapor phase is negligible. Thus the vapor can be 
assumed to be pure refrigerant. 
3.2.4.1 Phase Equilibria Diagram 
Some background about phase equilibria will be discussed as an introduction to bubble point temperature 
of refrigerant oil mixture. Figure 3.4 shows a phase diagram of binary mixture at system at constant pressure. 
Temperature is plotted in the vertical axis, liquid mass fraction of A and B is plotted on the horizontal axis. The 
curves on Figure 3.4 mark off three regions on the graph. The region above dew-point line is vapor (actually 
superheated vapor). If the temperature of the vapor is reduced at constant concentration, the state will reach the dew-
point line, where some vapor begins to condense. The region between the two curves is the liquid-vapor region, 
where both vapor and liquid exist in equilibrium. The lowest region is the liquid region (subcooled liquid). If the 
temperature of subcooled liquid is increased at constant concentration, the state reaches the bubble-point line, when 
some liquid begins to vaporize. The saturation temperature of one pure component is on the left vertical axis while 
the second component is on the right vertical axis. (Stoecker 1989). 
3.2.4.2 Bubble Point Temperature of Refrigerant-Oil Mixtures 
Takaishi and Oguchi (1987) developed an empirical equation for the vapor pressure curve of R-22 mixed 
with synthetic alkyl benzene over an oil concentration range from 0 to 70% (by mass) and temperature span from 10 
to 60oC. The empirical equation for predicting the bubble point temperature for a given saturation temperature and 
oil concentration is: 
( )
( ) ( )oilsat
oil
bub BP
A
T ω
ω
−= ln  (3.3) 
where A(ωoil) and B(ωoil) were given by the equation below: 
( ) 74533210 oiloiloiloiloil aaaaaA ωωωωω ++++=  (3.4) 
( ) 74533210 oiloiloiloiloil bbbbbB ωωωωω ++++=  (3.5) 
where the values of the empirical constants are: 
a0 = -2394.5 b0 = 8.0736 
a1 = 182.52 b1 = -0.72212 
a2 = -724.52 b2 = 2.3914 
a3 = 3686.0 b3 = -13.779 
a4 = -5268.9 b4 = 17.066 
The above method is generalized by Thome (1992a) for refrigerants other than R-22 and also for a broader 
range of temperature. This can be done by replacing the values of ao and bo, with different values determined for 
different refrigerants. The vapor pressure of oil is very small and hence the effect of the type of oil on the empirical 
constant a1 to a4 and b1 to b4 is negligible for oil concentration below 0.5 (50% by mass oil). Rather than using fixed 
values of ao and bo for a particular refrigerant, another improvement is to use an accurate pure refrigerant vapor 
pressure at the test pressure. (Thome 1995). At 35C, ao and bo are -36.01 and 8.237, respectively.  Between 25 and 
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45 C, ao ranges from -20 to -55 while bo varies from 7.7 to 8.7.  While this generalized method has been verified in 
Thome (1992a) from HFC refrigerant-oil combinations, its validity for ammonia-oil mixtures is unknown.  
3.2.4.3 Heat Release (Enthalpy) Curves for Evaporation of Refrigerant-Oil Mixtures  
The literature refers to the change in enthalpy of a mixture during evaporation or condensation by various 
names, but the most commonly used name is heat release curve even though for boiling heat is actually added to the 
mixture, not released. 
The local change in the enthalpy, dH, of a mixture during evaporation is comprised of three contributions: 
1. Latent heat to the fraction of liquid vaporized (dx) 
2. Sensible heat to the fraction of fluid in the liquid phase (1-x) heated to a higher bubble point temperature; 
3. Sensible heat to the fraction of fluid in the vapor phase (x) heated to a higher bubble point temperature. 
In mathematical terms this is: 
vbublbubLV CpdTCpdTxdxhdH +−+= )1(  (3.6) 
The values of Cpl and Cpv are a function of the local oil concentration and bubble point temperatures while hLV is a 
function of only the bubble point temperature. A heat release curve is not actually determined as a curve, but 
instead as a series points at a set vapor quality indicating the amount of heat absorbed by the fluid per mass. 
The step to prepare a heat release curve will be described step by step in the following section, and an 
example of the heat release curve is shown in Figure 3.5. The first step is to determine the constant a0 and b0 by 
choosing two refrigerant saturation temperatures at pressures just above and below the design pressure. The solution 
is straightforward with two equations and two unknowns. This new value of a0 and b0 will be used in place of a0 = -
2394.5 and b0 = 8.0736, respectively. The other values a1 to a4 and b1 to b4 are kept the same because they only refer 
to the effect of oil on Tbub.  
Select the vapor quality range, set the inlet vapor quality (usually zero) and the outlet vapor quality (always 
less than (1-ωinlet)), and number design of intervals. As the refrigerant evaporates into vapor phase, the oil 
concentration continues to increases. The local concentration at each interval is defined as: 
)1(, i
inlet
ilocal x−=
ωω  (3.7) 
where ωinlet is the oil concentration when the refrigerant is in the liquid phase. 
The latent heat of vaporization, hLV, the liquid and vapor specific heat of pure ammonia, Cpl,ref and Cpv,ref, 
and the liquid specific heat of the oil, Cpoil can be determined by knowing the local bubble point temperature. The 
liquid mixture specific heat could be calculated using simple rule of mixing: 
refloiloiloilmixl CpCpCp ,, )1( ωω −+=  (3.8) 
By having the inlet and exit of interval defined as xi and xi+1, the averages values of Cpl,mix,   Cpv,ref, hfg and 
x were then found for each intervals using Equations  
 2
][]1[ ,,
,,
iCpiCp
Cp mixlmixlavgmixl
++=  (3.9) 
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Cp refvrefvavgrefv
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][]1[
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ihih
h fgfgavgLV
++=  (3.11) 
2
][]1[ ixixxavg
++=  (3.12) 
where the change of vapor quality  and bubble point temperature are: 
ii xxdx −= +1  (3.13) 
ibubibubbub TTdT −= +1  (3.14) 
The last step is to determine the energy absorbed in each interval, 
avgrefvbubavgavgmixlbubavgavgLV CpdTxCpdTxdxhidH ,,,,, )1(][ +−+=  (3.15) 
The dH values are summed to determine the total amount of heat absorbed by the ammonia-oil mixture going from 
zero quality to that certain quality. 
3.2.4.4 Determination of Test Section Inlet and Outlet Quality 
The definition of the vapor quality for refrigerant oil mixtures used in this study is  
oilref
refv
mm
m
x &&
&
+=
,
 (3.16) 
where refm&  is the mass flow of refrigerant (vapor or liquid) and oilm&  is the mass flow of oil. Therefore, the 
maximum quality where all refrigerant is vapor is not 1, instead it is (1-ωoil). This definition is known as the flowing 
quality, and it is different from static quality or pure refrigerant quality. The definition of the static quality is  
oilref
refv
mm
m
x +=
,
 (3.17) 
where mref is the mass of the refrigerant (vapor or liquid) and moil is the mass of the oil. In order to measure it, both 
refrigerant and oil should be trapped in a tube during normal operation. From the static quality, the amount of oil 
hold up in the refrigerant can also be determined. Pure refrigerant quality is defined as the ratio of the mass of 
refrigerant in the vapor state to the total mass of refrigerant, 
refvrefl
refv
mm
m
x
,,
,
+=  (3.18) 
The test section inlet quality can be determined by separating the portion of the heat from the steam 
preheater that goes to change the subcooled liquid into saturated liquid and the portion goes to change the mixture 
from a saturated liquid to a liquid-vapor phase. The entire process in heating the ammonia-oil mixture to the desired 
quality is assumed to be a constant pressure process. The bubble point temperature is determined for vapor quality of 
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0.0 using the measured saturation pressure, Psat, at the inlet of the test section and also the single-phase oil 
concentration, ωinlet.  
In order to calculate the sensible heat, an average of specific heat of the subcooled liquid and specific heat 
of saturated liquid is used. Specific heat of the subcooled liquid mixture is calculated using measure temperature and 
pressure before the mixture enters the evaporator and the single-phase oil concentration, ωinlet.  
)1(,, inletlrefinletoilscmix CpCpCp ωω −+=  (3.19) 
Specific heat of the saturated liquid mixture is determined using the bubble point temperature at a vapor quality of 
0.0 and single phase oil concentration. 
)1(,, inletlrefinletoilsatmix CpCpCp ωω −+=  (3.20) 
The average of the subcooled and saturated specific heat will give the specific heat for the portion where the mixture 
changed from the subcooled to a saturated liquid. 
2
,, satmixscmix
sens
CpCp
Cp
+=  (3.21) 
The sensible heat can be calculated by 
( )scbubsensoilammoniasens TTCpmQ −= −&&  (3.22) 
The latent heat is calculated by subtracting the heat input from the steam with the sensible heat 
sensPHevap QQQ &&& −=  (3.23) 
Therefore, the enthalpy of the refrigerant/oil mixture at the inlet of the test section is  
oilammonia
evap
inletts m
Q
h
−
= &
&
,  (3.24) 
The enthalpy of the refrigerant/oil mixture at the outlet of the test section is  
oilammonia
tsevap
outletts m
QQ
h
−
+= &
&&
,  (3.25) 
where tsQ&  is usually a negative values because it represents how much heat is taken from the test section. 
3.3 Modeling of Heat Transfer Coefficient and Pressure Drop of an Ammonia Oil Mixture 
This section will discuss the effect of oil on the heat transfer coefficient and pressure drop correlations. The 
correlations for heat transfer coefficient are based on Thome (2003) and Cavallini (2002) models and the 
correlations for the pressure drop are based on the Friedel (1979), Jung and Radermacher (1989) and Souza (1993) 
models.  
The refrigerant properties in the liquid phase are changed to refrigerant-oil mixture properties using a 
simple mixing rule shown below 
)1(, locallreflocaloilmix ωρωρρ −+=  (3.26a) 
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( ) ( ) ( ) )1(
, locallrefplocaloilpmixp
ccc ωω −+=  (3.26b) 
)1(, locallreflocaloilmix ωµωµµ −+=  (3.26c) 
)1(, locallreflocaloilmix kkk ωω −+=  (3.26d) 
where ρ is density, cp is specific heat, µ is dynamic viscosity, k is the thermal conductivity and ωlocal is the local oil 
concentration. Oil properties are shown in Table 3.1. Knowing refrigerant and oil properties at the bubble point 
temperature and oil concentration, the density, specific heat, viscosity, and thermal conductivity of the refrigerant-
oil mixture can be calculated. The surface tension is left as pure refrigerant because there is no surface tension data 
between ammonia and PAG -68. The refrigerant properties in the vapor phase are the same as pure refrigerant 
because there is no oil assumed to be in the vapor phase.  
3.3.1 Heat Transfer Model 
Since the refrigerant-oil mixture is modeled using a thermodynamic approach, it is important to know the 
definition of the condensation heat transfer coefficient. The condensation heat transfer coefficient for a pure 
refrigerant is defined as: 
)( wallsat TT
qh −=  (3.27) 
where q is the heat flux, Tsat is the saturation temperature of the refrigerant and Twall is the wall temperature.  
For refrigerant-oil mixtures, the condensation heat transfer coefficient, h, is defined as: 
)( wallbub TT
qh −=  (3.28) 
where Tbub is the bubble temperature. Although, the difference between bubble and saturation temperature is very 
small, as oil concentration and quality increases, the deviation can be large and that will lower the heat transfer 
coefficient significantly. Figure 3.6 illustrates how the bubble temperature for ammonia oil mixtures changes with 
quality and oil concentration. The saturation temperature that corresponds to Figure 3.6 is 35°C. 
The first model examined for condensation heat transfer is the EPFL two phase condensation model 
(Thome 2003). The model is based on the flow pattern map, identifying the flow. The heat transfer coefficient is a 
combination of convective and film condensation heat transfer coefficient. Based on the flow pattern, different 
weights are placed on the convective or the film condensation film heat transfer coefficients. For example, if the 
flow is fully stratified flow, the film condensation heat transfer coefficient will dominate the overall heat transfer 
coefficient. On the contrary, if the flow is annular, then the convective heat transfer coefficient will be more 
important. By combining the refrigerant oil model and the two phase heat transfer model, the heat transfer 
coefficient for ammonia-oil mixtures can be found, as shown in Figures 3.7 - 3.9.  The saturation temperature at 
which the heat transfer coefficient is calculated is 35°C and wall temperature is 33°C.  
Figure 3.7 demonstrates the effect of oil on the heat transfer coefficient based on Thome correlations at 
very low mass flux, G = 20 kg/m2-s. For pure ammonia, the heat transfer coefficient increases as quality increases. 
For ammonia-oil mixtures, as expected, the presence of the oil decreases the heat transfer coefficient. The higher the 
 47
oil concentration, the lower the heat transfer coefficient. At the same circulating oil concentration, as the quality 
increases, the heat transfer coefficient increases slightly up to x ∼ 0.5. When x > 0.5, the heat transfer coefficient 
decreases. The reason is the local oil concentration in the liquid film increases with higher quality. At a circulating 
oil concentration of 1% and x = 0.9, the local oil concentration in the liquid film can increase as high as 10%.  
Figure 3.8 shows the heat transfer coefficient for ammonia oil mixtures at G = 80 kg/m2-s. Unlike at G = 20 
kg/m2-s, the heat transfer coefficient only increases slightly at x = 0.1 -0.2 and then it decreases as the quality 
increases. The reason is, for pure ammonia, there is not much increase of the heat transfer coefficient at x = 0.1-0.6. 
However, the local oil concentration in the liquid phase increases with quality and the combined effects decrease the 
heat transfer coefficient. The heat transfer coefficient for pure and ammonia oil mixture at G = 270 kg/m2-s can be 
seen at Figure 3.9. The heat transfer coefficient increases considerably at low quality range, then it starts to decrease 
in the high quality range x >0.6-0.7. It also can be seen that the peak of the curve shifted to lower quality as the 
circulating oil concentration increases. This implies that higher circulating oil concentration deteriorates the heat 
transfer coefficient at lower quality. 
The second heat transfer model is developed by Cavallini (2002) and is based on analogy between 
momentum and heat transfer. The heat transfer is function of interfacial vapor liquid shear stress and liquid film 
thickness. The shear stress can be calculated from the frictional pressure gradient. The heat transfer coefficients 
based on Cavallini model can be seen in Figures 3.10 – 3.12. Figures 3.10 – 3.12 compare the heat transfer 
coefficients for pure ammonia and ammonia oil mixtures with 1%, 3% and 5% circulating oil concentrations. The 
saturation temperature is taken to be 35°C and the wall temperature is 33°C. 
As shown in Figure 3.10, at G = 20 kg/m2-s, the heat transfer coefficient for 1%, 3% and 5% oil 
concentration is lower than the heat transfer coefficient for pure ammonia. However, at x = 0.6, the heat transfer 
coefficient increases instead of decreasing. The heat transfer coefficient continues to increase even higher to values 
than the heat transfer coefficient for pure ammonia. At a lower range of quality, the heat transfer coefficient 
decreases because the liquid thermal conductivity of ammonia oil mixture is less than pure ammonia. However, as 
the quality increases, local oil concentration increases and it also increases the viscosity of the mixture. The oil 
viscosity is approximately 500 times greater than viscosity of ammonia in the liquid phase. This causes problems in 
calculating the “liquid only” friction factor, fLO. Since the liquid mixture viscosity is high, ReLO is low and fLO is 
calculated using the laminar formula, equation 3.29, instead of the turbulent formula, equation 3.30.  
( )LLO Gdf µ/
16=  (3.29) 
( ) 2.0/
046.0
−=
L
LO Gd
f µ  (3.30) 
In general, higher viscosity will result in a higher pressure gradient. Higher pressure gradients indicate 
higher shear stress. In the Cavallini model, the shear stress and the heat transfer coefficient are directly proportional. 
Therefore, the heat transfer coefficient will continue to increase with higher oil concentration. This weakness in the 
model could be addressed by using different pressure drop model which will be discussed later on in the next 
subsection. 
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At G = 80 kg/m2-s, the heat transfer coefficient continue to increase at lower quality, x = 0.4 and at the high 
range quality x > 0.9, the heat transfer coefficient becomes very high, as shown in Figure 3.11. Figure 3.12 shows 
that at G = 270 kg/m2-s, the heat transfer coefficient for the ammonia oil mixture is higher than the one for pure 
ammonia, even at low quality where the oil concentration should be low and oil effect is insignificant.  
3.3.2 Pressure Drop Model 
The first model for pressure drop discussed is based on the Friedel correlation (1979). Figures 3.13 – 3.15 
shows the effect of oil on the pressure gradient correlation for G = 20, 80 and 270 kg/m2-s, respectively. The 
pressure gradient increases significantly even at low quality and G = 20 kg/m2-s. The maximum pressure drop is 7 
kPa/m at 5% circulating oil concentration. Although the Friedel correlation is fairly accurate in predicting the 
pressure drop for pure refrigerant, it is not a good model for refrigerant oil mixture. Friedel uses the ReLO to 
determine fLO, which should be based on either laminar or turbulent correlations. Since the ammonia oil mixtures 
have much higher viscosity than pure ammonia, the laminar correlation is always used and that results in higher 
friction factor and pressure drop.  
The Cavallini heat transfer model used a pressure drop model similar to Friedel, with minor differences in 
the constants. This model contradicts the idea that if the flow is laminar, then the entire film could become a 
conductive resistance. However, if the flow is turbulent, the film could be modeled as a viscous sublayer, buffer 
region and turbulent region. In this case, the viscous sublayer and buffer regions are the primary thermal resistances. 
In the Cavallini model, the heat transfer keeps increasing although the flow is considered laminar. This gives an 
indication that the physics and the model may not agree well for same conditions. 
Figure 3.14 and Figure 3.15 shows the pressure drop at G = 80 and 270 kg/m2-s. The pressure drop of the 
ammonia oil mixture is always higher than the pure, and it always increases with oil concentration and quality.  
The second model for pressure drop is based on the Jung and Radermacher correlation (1989). Unlike the 
Friedel correlation, the Jung and Radermacher correlation always uses turbulent equation to calculate fLO. Therefore, 
the Jung and Radermacher correlation predicted pressure drop for the low mass flux and low quality is always less 
than Friedel correlation. However, the Jung and Radermacher correlation gives better prediction for ammonia oil 
mixtures, as shown in Figures 3.16 - 3.18. Figures 3.16 - 3.18 represent the pressure gradient for three different mass 
fluxes, G = 20, 80 and 270 kg/m2-s which can be categorized as low, medium and high mass flux. However, the 
Jung and Radermacher correlation does not show any difference in the trend as the mass flux increases. The peak of 
the curve is always at x = 0.74 - 0.77 regardless of the mass flux and oil concentration. The characteristic of the 
pressure gradient at low mass flux and high mass flux should be different because the flow is mostly laminar at G = 
20 kg/m2-s and the flow is turbulent at G = 270 kg/m2-s. Nevertheless, as expected, the oil increases the pressure 
gradient slightly at low quality and it increases the pressure gradient even more at higher quality. At higher quality, 
x > 0.85, the pressure gradient starts to decrease. The pressure gradient also decreases more rapidly with higher oil 
concentration. This is contrary to the idea that higher oil concentration results in higher pressure gradient since the 
flow is more viscous.  
The last model examined for pressure drop is based on the Souza correlation (1993). The Souza model also 
uses the turbulent equation in calculating fLO. Therefore, the pressure gradient for ammonia oil mixture followed the 
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same trend as in the Jung and Radermacher correlation. As shown in Figures 3.19 – 3.21, at G = 20, 80 and 270 
kg/m2-s, the pressure gradient increases with quality and oil concentration. It reaches a peak level, and then starts to 
decrease. The pressure gradient also decreases more rapidly with higher oil concentration. However, the peak of the 
curve shifted to lower quality as the mass flux increases and to higher quality as the oil concentration increases. In 
general, the pressure gradient calculated by Souza correlation is less than the one calculated by Jung Radermacher.  
3.4 Ammonia Oil Heat Transfer Results 
This section discusses ammonia oil mixture condensation heat transfer results in a smooth tube. There are 
five sets of data corresponding to circulating oil concentrations of 1%, 2%, 3%, 4% and 5%. Each set of data will be 
explained and compared to modified Thome and Cavallini correlations for refrigerant-oil mixtures in the following 
subsections. Oil effects are incorporated into the property calculations using the methods described in sections 3.2 
and 3.3.  The last subsections will compare the five sets of ammonia oil data, along with pure ammonia data.  
3.4.1 Ammonia Oil Data with 1% Oil in Circulation 
Figure 3.22 shows the average heat transfer coefficient versus quality for six different mass fluxes for 
circulating oil concentration of 1%. Since the system operating conditions affects oil concentration, 1% oil assumes 
oil circulating concentrations in the 0.5 – 1.5% range. Table 3.2 shows the oil concentration for each data point that 
was taken. Most of the data were taken at oil concentration very close to 1%. From Figure 3.22, it can be seen that 
the effect of the oil on the heat transfer coefficient is insignificant. The heat transfer coefficients are relatively 
constant for G = 20 and 40 kg/m2-s. At G = 80 kg/m2-s and low quality (x < 0.5) although the mass flux increases, 
the heat transfer coefficient becomes lower than the ones at G = 20 and 40 kg/m2-s. As the quality increases, the heat 
transfer coefficient also increases slightly.  At higher mass flux, G = 120 – 270 kg/m2-s, the heat transfer coefficient 
increases as a function of quality, even in the high quality range (x > 0.8). At low quality ranges, it is understandable 
that the oil would not have any effect. However, at high quality, the oil concentration in the liquid film can go up to 
10% when x = 0.9, but surprisingly the heat transfer coefficient does not decrease at all.  
The experimental data is also compared to Thome (2003) and Cavallini (2002) correlations. Figure 3.23 
compares Thome correlation with the experimental data.  The data points in the high quality range are within ± 20% 
of the predicted value, but the Thome correlation overpredicts the experimental data in the low quality range (x ≤ 
0.5). Cavallini prediction of the heat transfer coefficient is shown in Figure 3.24. The Cavallini correlation 
overpredicts the experimental data significantly, due to the reasons mentioned in section 3.3.1. For this reason, 
comparisons between the Cavallini correlation and the experimental data for the rest of data set can be seen in 
Appendix E.  
3.4.2 Ammonia Oil Data with 2% Oil in Circulation 
The heat transfer coefficient with 2% oil in circulation is shown in Figure 3.25. Table 3.3 shows the oil 
concentration at which each data was taken. Figure 3.25 shows the same trend observed in Figure 3.22, the heat 
transfer coefficients only a function of quality in the high mass flux range (G = 120 - 270 kg/m2-s). At G = 20 and 
40 kg/m2-s, the oil does not affect the heat transfer coefficient. Even, in the high quality (x > 0.9), the heat transfer 
coefficient does not decrease at all. At G = 80 kg/m2-s, the heat transfer coefficients are lower compared to the heat 
transfer coefficient when G = 20 and 40 kg/m2-s. This phenomenon is also seen at pure ammonia and 1% oil in 
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circulation. The effect of the oil can be seen when x = 0.95. The heat transfer coefficient decreases from 5.4 kW/m2-
K to 4.5 kW/m2-K. The refrigerant temperature also starts to deviate from the saturation temperature. At the inlet of 
the test section, the refrigerant temperature is 35.4°C, where the saturation temperature is 34.8°C. It is suspected that 
the oil concentration in the liquid phase can be as high as 40% (by mass). For the higher mass fluxes (G = 120 and 
160 kg/m2-s), the effect of the oil becomes more apparent. The heat transfer coefficient starts to decrease when x = 
0.85 although the refrigerant temperature does not deviate from the saturation temperature. The heat transfer 
coefficients for G = 80, 120 and 160 kg/m2-s at x = 0.95 are almost the same. This suggests that the value of 4.5 
kW/m2-K might be the lower limit of the heat transfer coefficient for 2% circulating oil concentration. The measured 
refrigerant temperature start to deviate at this quality and is at 36.5°C, where the saturation temperature is around 
35°C. At G = 270 kg/m2-s, the heat transfer coefficients are very similar to the ones at Figure 3.22. The oil does not 
have any effect on the heat transfer coefficients at this range of quality (x = 0.1-0.6).  
The comparison between the Thome correlation and the experimental data for 2% circulating oil 
concentration is shown in Figure 3.26. The correlation was able to predict more accurately experimental data at 2% 
oil concentration than when the oil concentration is 1%. The experimental data that was not within ± 20% of the 
predicted values are the ones at low quality range (x = 0.1 -0.4). The correlation best fit the experimental data when 
G = 270 kg/m2-s with maximum absolute error of 10%. 
3.4.3 Ammonia Oil Data with 3% Oil in Circulation 
Figure 3.27 shows the heat transfer coefficient for 3% circulating oil concentration. The oil concentrations 
corresponding to this data set are tabulated in Table 3.4.  Figure 3.27 shows similar results with Figure 3.22 and 
Figure 3.25, especially in the low mass flux range (G = 20 and 40 kg/m2-s). The oil seems to have less effect at this 
low range of mass flux. However, the saturation temperature and pressure of the system becomes very unstable at 
very high quality (x > 0.9). Therefore, it is very hard to obtain data at this high quality and this is one of the reasons 
why the uncertainty at G = 40 and x = 0.97 is very high. The oil definitely affects the heat transfer coefficients at G 
= 80, 120 and 160 kg/m2-s. The heat transfer coefficients either stay constant or decreases when quality is greater 
than 0.8.  
At G = 80 kg/m2-s and x =0.97, the heat transfer coefficient decreases significantly. At this point, all the 
ammonia is assumed to be vapor phase and the oil film will be just dragged through the tubes by the ammonia 
vapor. Based on this assumption and knowing the thermal conductivity of the oil is approximately one third of liquid 
ammonia, the heat transfer coefficient should be about one third of the pure ammonia. The heat transfer coefficient 
for pure ammonia is approximately 6 kW/m2-K, so the estimated value will be 2 kW/m2-K. This value is very close 
to the experimental results which is 2.37 kW/m2-K. This estimate is just a simple calculation based on the thermal 
conductivity, one of the main properties that determine the heat transfer coefficient.   
At G = 120 kg/m2-s and x = 0.95, the heat transfer coefficient is very low, 1.43 kW/m2-K. Both of the inlet 
and the outlet measured refrigerant temperatures are higher than the saturation temperature. The inlet temperature is 
at 46.5°C and the outlet is at 36.8°C, where the saturation is at 34.5°C. Based on Thome (1995) refrigerant oil 
model, the bubble temperature should be 52.83°C and 38.6°C. This implies that the deviation of the bubble 
temperature is not only a function of the oil mass fraction, but also a function of the mass flux.  
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When G = 160 kg/m2-s, the heat transfer coefficient does not increase as the quality increases for x > 0.7. 
This decrease on heat transfer coefficient is not seen in Figure 3.22 and in Figure 3.25 it is only seen at x = 0.86. In 
Figure 3.27, the heat transfer coefficient keeps on decreasing as the quality increases from 0.7. From this it can be 
concluded that at 3% circulating oil concentration, there is enough oil mass on the tube section to decrease the heat 
transfer coefficient significantly at the high quality range. Since the data for G = 270 kg/m2-s are taken only for x ≤ 
0.6, the effects of the oil cannot be seen at this particular mass flux. 
Figure 3.28 shows the Thome correlation with the experimental data for 3% circulating oil concentration. 
The correlation does better prediction for the 3% oil data than 1% or 2% data. It was able to capture most of the 
experimental data within ±20%. The Thome model also starts to underpredict some of the heat transfer coefficients 
in the high mass flux range.   
3.4.4 Ammonia Oil Data with 4% Oil in Circulation 
Figure 3.29 shows the heat transfer coefficients for 4% circulation oil concentration and the corresponding 
oil concentration for each data is shown in Table 3.5. The heat transfer coefficients for most data points range from 
4 – 6 kW/m2-K. At this high oil concentration, the heat transfer coefficient at the high quality range could not 
increase significantly. As in Figure 3.22, 3.25 and 3.27, the heat transfer coefficients at G = 20 kg/m2-s and high 
quality range are not affected at all by the oil. When all the ammonia is in the vapor phase, the bubble temperature 
should be very high compared to the saturation temperature. However, the measured refrigerant temperature at this 
point does not deviate from the saturation temperature. The inlet refrigerant temperature is at 35.4°C and the 
saturation temperature is at 35.5°C. One possible explanation is that at lower mass flux, oil flows with ammonia at 
the bottom of tube as stratified flow. Ammonia vapor condenses on the upper tube section and makes a pure 
ammonia liquid film on the tube wall. Based on Thome model, the heat transfer coefficient at stratified flow is 
dominated by the film condensation heat transfer coefficient. This gives an idea why the heat transfer coefficient at 
G = 20 kg/m2-s or stratified flow is not affected by oil.  
The heat transfer coefficients at G = 40 kg/m2-s also appears to be relatively constant around 5 kW/m2-K. 
However, the heat transfer coefficient at G = 80 kg/m2-s starts decreasing at x = 0.88. In Figure 3.27, the heat 
transfer coefficient at G = 80 kg/m2-s and x = 0.88 is the same as the ones between x = 0.5 – 0.8. This implies that 
with higher circulating oil concentration, the oil starts to deteriorate the heat transfer coefficient at lower quality.  
The heat transfer coefficients at G = 120, 160 kg/m2-s and x = 0.93 are very low due to oil effects. Both 
data sets were taken at a saturation temperature of 36-37°C. Assuming that the flow at these mass fluxes and quality 
are annular and all the liquid film is oil, the oil hold up per tube length can be calculated. The liquid film thickness 
can be estimated as the heat transfer coefficient divided by the oil liquid thermal conductivity. The liquid film 
thickness is then multiplied by the inside circumferential area and that will give the volume of the oil. The mass of 
the oil is simply the volume multiplied by the density. The oil hold up per tube length for those two data points is 
3.45 g/m. 
At G = 270 kg/m2-s, the heat transfer coefficient increases up to x = 0.4, then it decreases slightly at x = 
0.6. This drop in the heat transfer coefficient is caused by the uncertainty of the experiment, not because of the oil 
effect. The reason behind this argument is the refrigerant temperature does not deviate at all from the saturation 
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temperature. Also, at x = 0.6, there is still a lot of liquid ammonia in the flow and the estimated oil concentration in 
the liquid is only 10%, thus it is less likely the oil will affect the heat transfer coefficient. 
Figure 3.30 shows how the Thome correlation predicts the experimental results. The model was able to 
capture most of the heat transfer coefficient regardless of the mass flux and quality. However, it underpredict the 
heat transfer coefficients at G = 120 kg/m2-s and quality higher than 0.5. The trend shows the model to underpredicts 
more and more as the quality increases. 
3.4.5 Ammonia Oil Data with 5% Oil in Circulation 
The last data set for the ammonia oil mixture is the one with 5% oil in circulation. Figure 3.31 shows the 
heat transfer coefficients for 5% circulating oil concentration. The results shown in Figure 3.31 looks very similar to 
those shown in Figure 3.29. The heat transfer coefficient at G = 20 kg/m2-s again is unaffected by the oil. At G = 40 
and 80 kg/m2-s, the heat transfer coefficient slightly decreases when the quality is above 0.8. The most apparent 
effect of the oil can be seen at G = 120 and 160 kg/m2-s.  The heat transfer coefficients increases up to quality of 0.6, 
then it starts to decreases to as low as 1.6 kW/m2-K. This contradicts with the idea as quality increases, the film 
thickness and the thermal resistance decreases thus making the heat transfer increases. This decrease in heat transfer 
can cause serious problems in the refrigeration and can lower the whole system refrigeration capacity.  
Figure 3.32 compares the Thome correlation and the experimental data. At 5% circulating oil 
concentration, the correlation tends to underpredict most of the experimental data. The experimental data that are 
closely predicted are the ones at x = 0.1 -0.2.  
3.4.6 Heat Transfer Comparison of Pure Ammonia and 1 - 5% Ammonia Oil Mixtures 
This subsection serves as a direct comparison of the five sets of ammonia oil data and one set of pure 
ammonia data at different mass fluxes. All these data are collected with the same test section and measurement 
techniques.  
Figure 3.33 shows the heat transfer coefficient for pure ammonia and 1-5% oil in circulation at G = 20 
kg/m2-s. Comparing the heat transfer coefficient between pure ammonia and ammonia oil mixtures, the oil seems to 
increases the heat transfer coefficient slightly. The heat transfer varies around 5 – 6 kW/m2-K and the variation on 
the heat transfer coefficient could be caused by the temperature at which the data was taken or the heat flux on the 
test section. 
Figure 3.34 shows the heat transfer coefficient for pure ammonia and 1-5% oil in circulation at G = 40 
kg/m2-s. At G = 40 kg/m2-s, the heat transfer coefficient does change very much when x = 0.1 - 0.8. A slight 
decrease in the heat transfer coefficient occurs at x > 0.85. As mentioned earlier, the oil concentration in the liquid 
phase will increases as quality increases. With higher oil concentration, the heat transfer coefficient tends to 
decrease. Fortunately, at this low of mass flux, the decrease on the heat transfer coefficient is insignificant. 
At G = 80 kg/m2-s, it is clear that the oil decreases the heat transfer coefficient at high quality. The heat 
transfer coefficient at 5% circulating oil concentration is less than the one at pure or oil concentration less than 5%. 
The extreme case is shown at x = 0.97 and 3% oil in circulation, where the heat transfer coefficient is less than half 
the value at x = 0.9.  
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The effect of oil becomes more apparent as the mass flux increases. Figure 3.36 shows that at G = 120 
kg/m2-s, there is a large drop in the heat transfer coefficient. Even at 2% circulating oil concentration, the heat 
transfer coefficient at x =0.95 decreases by 30%. The heat transfer becomes lower as oil concentration increases, and 
it reaches low points of 2.5 and 1.5 kW/m2-K  
At G = 160 kg/m2-s, the heat transfer coefficient for 1% ammonia oil mixture is very similar to the ones for 
pure ammonia, as shown in Figure 3.37. However, the heat transfer coefficient at 2-5% circulating oil concentration 
is significantly lower. The heat transfer coefficient becomes very poor as quality increases. At x > 0.6, instead of 
increases, the heat transfer coefficient decreases to a large extent. 
Figure 3.38 shows the heat transfer coefficient at G = 270 kg/m2-s. Due to the capacity of the heat 
exchanger, it is not possible to obtain the points at higher quality. The oil effect is not apparent at x = 0.1 – 0.6, the 
heat transfer coefficient among the data sets are similar. 
3.5 Ammonia Oil Pressure Drop Results 
This section discusses the pressure drop for ammonia oil mixture with circulating oil concentration from 1-
5%. Each set of data will be discussed and compared to the Friedel, Jung and Radermacher, and Souza correlation in 
the following subsection. The last subsection will consist of direct comparison five data sets of ammonia oil 
mixtures and one data set of pure ammonia at different mass fluxes.  
3.5.1 Ammonia Oil Data with 1% Oil in Circulation 
Figure 3.39 shows the experimental pressure gradient for ammonia oil mixture with 1% oil in circulation. 
Because the pressure drop at G = 20 and 40 kg/m2-s is very low and hard to measure, only the pressure drop at G = 
80 kg/m2-s and higher are shown. The pressure gradient increases as quality increases. At G = 80 kg/m2-s, the 
pressure gradient increases slightly as quality increases. The pressure gradient increases quite significantly at G = 
120 and 160 kg/m2-s. It reaches a peak at x = 0.8-0.9 then it decreases slightly. At G = 270 kg/m2-s, the pressure 
gradient increases rapidly as function of quality. This trend is similar to the heat transfer coefficient shown in Figure 
3.22. This agrees with the fact that higher pressure drop causes more turbulence and turbulence enhances the heat 
transfer in the tube.  
Figure 3.40 compares Friedel correlation with the experimental data. Friedel correlation poorly predicted 
the experimental data.  Only the data point that are within ±20% are the ones at G = 270 kg/m2-s. Figure 3.41 
compares Jung and Radermacher correlation with the experimental data. Jung and Radermacher correlation predicts 
the pressure gradient better than Friedel does. However, it is only able to predict the ones at high mass flux, G = 160 
and 270 kg/m2-s and it overpredicts the pressure gradient at G = 80 and 120 kg/m2-s. Souza is able to give the best 
prediction among the three pressure gradient models, as shown in Figure 3.42. Most of the experimental data are 
within ±20% of his prediction, with the pressure gradient at G = 80 kg/m2-s are overpredicted slightly. 
3.5.2 Ammonia Oil Data with 2% Oil in Circulation 
Figure 3.43 shows the experimental pressure gradient for ammonia oil mixture at 2% oil in circulation. 
Figure 3.43 is very similar to Figure 3.39, the pressure gradient increases with quality and at x = 0.85, it starts to 
remain constant. This is very different than the Jung and Radermacher and the Souza correlations which predict the 
pressure gradient decreases at high quality.  
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Figures 3.44 – 3.46 show the comparison between the Friedel, Jung and Radermacher, and Souza 
correlations with the experimental data, respectively. The Friedel correlation predicts very poorly and Souza 
prediction is the best among those three models. Jung and Radermacher correlation is able to predict the pressure 
gradient at G = 160 and 270 kg/m 2-s within ±20%, but it overpredicts the ones at G = 80 and 120 kg/m 2-s. Souza 
correlation for the pressure gradient at G = 80 kg/m 2-s is also relatively high.  
3.5.3 Ammonia Oil Data with 3% Oil in Circulation 
Figure 3.47 shows the experimental pressure gradient for ammonia oil mixture at 3% oil in circulation. The 
trend shown in Figure 3.47 is similar to the trend at 1% and 2% oil in circulation. However, at G = 120 kg/m2-s and 
x = 0.95, the pressure gradient is high compared to the one at x = 0.95. This drift does not occur at pure ammonia or 
1% and 2% oil in circulation. The pressure gradient usually remains constant or decreases slightly. One possibility is 
at this high quality, most of the ammonia is in vapor phase and all liquid film is oil. This will make the flow very 
viscous and increases the pressure gradient significantly. 
The three pressure drop models are compared to the experimental data, as shown in Figures 3.48 – 3.50. 
Figure 3.48 shows that Friedel significantly overpredicts the experimental data by a lot. Jung and Radermacher 
correlation predicts fairly well at high mass flux but it overpredicts the pressure gradient at low mass flux, as shown 
in Figure 3.49. Souza correlation predicts very well, most of the data points are within ±20% of his prediction, 
except for a few data points that are underpredicted. 
3.5.4 Ammonia Oil Data with 4% Oil in Circulation 
Figure 3.51 shows the experimental pressure gradient for ammonia oil mixture at 4% oil in circulation. The 
trend that appears in Figure 3.47 at G = 120 kg/m 2-s can also be seen in Figure 3.51 for G = 120 and 160 kg/m 2-s. 
The pressure gradient continues to increase even at high quality. The reason is with higher circulating oil 
concentration, the amount of oil in the tube will increase. This will increase the viscosity and thickens the flow. 
With more viscous flow, the pressure gradient will increase. At G = 160 kg/m 2-s and x = 0.92, where the pressure 
gradient is high, the measured refrigerant temperature also deviates significantly from saturation temperature. The 
refrigerant temperature is 43.9°C and the saturation temperature is 36.9°C. This supports the fact that there is a lot of 
oil in the test section and caused a significant increase in pressure gradient. 
Figure 3.52 compares the Friedel correlation and the experimental data for 4% oil in circulation. Friedel 
correlation overpredicts the experimental results. Jung and Radermacher correlation on the experimental results is 
not very good either, as shown in Figure 3.53. The correlation overpredicts most of the data and only a few are 
within (20% of the prediction. Souza correlation is able to predict the data fairly well, with the exception of couple 
data points at very high mass flux. Comparison between the Souza correlation and the experimental pressure 
gradient is shown in Figure 3.54. 
3.5.5 Ammonia Oil Data with 5% Oil in Circulation 
Figure 3.55 shows the experimental pressure drop for ammonia oil mixture at 5% oil in circulation. The 
pressure drop at G = 80 kg/m 2-s increases slightly as quality increases and then it remains constant at high quality. 
At G = 120 and 160 kg/m 2-s, the pressure drop shows a high increase at x > 0.9. Oil has negative effects on either 
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heat transfer and pressure drop. Oil increases the pressure drop and decreases the heat transfer coefficient, which is 
undesirable. 
Figures 3.56 – 3.58 shows the Friedel, Jung and Radermacher and Souza correlations with experimental 
data. Among those three correlations, the Souza correlation gives the best prediction and the Friedel correlation 
gives the worst prediction. 
3.5.6 Pressure Gradient Comparison of Pure Ammonia and 1-5% Ammonia Oil Mixtures 
This subsection serves as direct comparison of five ammonia oil sets of data and one pure ammonia set of 
data. Figures 3.59 – 3.62 shows the comparison between pure and ammonia oil mixtures at G = 80, 120, 160 and 
270 kg/m 2-s, respectively. The oil has less effect on the pressure gradient at x = 0.1 - 0.5. The pressure gradient 
increases as both quality and circulating oil concentration increase. The most obvious deviation occurred at G = 120 
and 160 kg/m2-s at x > 0.95 and the circulating oil concentration is between 3-5%. At this high quality and oil 
concentration, the pressure gradient for ammonia oil mixtures is much greater compared to the pressure gradient for 
pure ammonia. At G = 270 kg/m2-s and x = 0.6, the pressure gradient for the ammonia oil mixture is consistently 
10% higher compared to the pressure gradient for pure ammonia.  
3.6 Figures and Tables 
 
Figure 3.1 Schematic of ammonia-oil loop test facility  
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Figure 3.2 Measured ammonia density versus temperature 
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Oil Concentration from online measurement (%)
O
il 
C
on
ce
nt
ra
tio
n 
fr
om
 d
ire
ct
 s
am
pl
in
g 
(%
)
 
Figure 3.3 Oil concentration from direct sampling versus online measurement 
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Figure 3.4 Temperature-concentration diagram of binary solution at constant pressure (Stoecker 1989) 
 
Figure 3.5 Heat release curve 
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Figure 3.6 Bubble temperature for 1%, 3% and 5% oil concentration 
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Figure 3.7 Heat transfer coefficient for pure and ammonia oil mixtures based on Thome correlation at 
G = 20 kg/m2-s 
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Figure 3.8 Heat transfer coefficient for pure and ammonia oil mixtures based on Thome correlation at 
G = 80 kg/m2-s 
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Figure 3.9 Heat transfer coefficient for pure and ammonia oil mixtures based on Thome correlation at 
G = 270 kg/m2-s 
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Figure 3.10 Heat transfer coefficient for pure and ammonia oil mixtures based on Cavallini correlation at 
G = 20 kg/m2-s 
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Figure 3.11 Heat transfer coefficient for pure and ammonia oil mixtures based on Cavallini correlation at 
G = 80 kg/m2-s 
 61
0
20
40
60
80
100
120
140
160
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Vapor Quality [-]
H
ea
t T
ra
ns
fe
r C
oe
ffi
ci
en
t (
kW
/m
2 -
K
)
Pure
1% oil
3% oil
5% oil
 
Figure 3.12 Heat transfer coefficient for pure and ammonia oil mixtures based on Cavallini correlation at 
G = 270 kg/m2-s 
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Figure 3.13 Pressure drop for pure and ammonia oil mixtures based on Friedel correlation at G = 20 kg/m2-s 
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Figure 3.14 Pressure drop for pure and ammonia oil mixtures based on Friedel correlation at G = 80 kg/m2-s 
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Figure 3.15 Pressure drop for pure and ammonia oil mixtures based on Friedel correlation at G = 270 kg/m2-s 
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Figure 3.16 Pressure drop for pure and ammonia oil mixtures based on Jung Radermacher correlation at 
G = 20 kg/m2-s 
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Figure 3.17 Pressure drop for pure and ammonia oil mixtures based on Jung Radermacher correlation at 
G = 80 kg/m2-s 
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Figure 3.18 Pressure drop for pure and ammonia oil mixtures based on Jung Radermacher correlation at 
G = 270 kg/m2-s 
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Figure 3.19 Pressure drop for pure and ammonia oil mixtures based on Souza correlation at G = 20 kg/m2-s 
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Figure 3.20 Pressure drop for pure and ammonia oil mixtures based on Souza correlation at G = 80 kg/m2-s 
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Figure 3.21 Pressure drop for pure and ammonia oil mixtures based on Souza correlation at G = 270 kg/m2-s 
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Figure 3.22 Heat transfer coefficient for ammonia-oil mixture with 1% oil in circulation (mass flux, G, in 
kg/m2-s) 
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Figure 3.23 Thome correlation vs. experimental data for ammonia-oil mixture with 1% oil in circulation (mass 
flux, G, in kg/m2-s) 
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Figure 3.24 Cavallini correlation vs. experimental data for ammonia-oil mixture with 1% oil in circulation (mass 
flux, G, in kg/m2-s) 
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Figure 3.25 Heat transfer coefficient for ammonia-oil mixture with 2% oil in circulation (mass flux, G, in 
kg/m2-s) 
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Figure 3.26 Thome correlation vs. experimental data for ammonia-oil mixture with 2% oil in circulation (mass 
flux, G, in kg/m2-s) 
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Figure 3.27 Heat transfer coefficient for ammonia-oil mixture with 3% oil in circulation (mass flux, G, in 
kg/m2-s) 
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Figure 3.28 Thome correlation vs. experimental data for ammonia-oil mixture with 3% oil in circulation (mass 
flux, G, in kg/m2-s) 
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Figure 3.29 Heat transfer coefficient for ammonia-oil mixture with 4% oil in circulation (mass flux, G, in 
kg/m2-s) 
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Figure 3.30 Thome correlation vs. experimental data for ammonia-oil mixture with 4% oil in circulation (mass 
flux, G, in kg/m2-s) 
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Figure 3.31 Heat transfer coefficient for ammonia-oil mixture with 5% oil in circulation (mass flux, G, in 
kg/m2-s) 
 71
0
1
2
3
4
5
6
7
8
9
10
0 1 2 3 4 5 6 7 8 9 10
Experimental Heat Transfer Coefficient (kW/m2-K)
Pr
ed
ic
te
d 
H
ea
t T
ra
ns
fe
r C
oe
ffi
ci
en
t (
kW
/m
2 -
K
)
G=20
G=40
G=80
G=120
G=160
G=270
+20%
-20%
 
Figure 3.32 Thome correlation vs. experimental data for ammonia-oil mixture with 5% oil in circulation (mass 
flux, G, in kg/m2-s) 
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Figure 3.33 Comparison of heat transfer coefficient, G = 20 kg/m2-s, (⎯) trendline for pure ammonia 
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Figure 3.34 Comparison of heat transfer coefficient, G = 40 kg/m2-s, (⎯) trendline for pure ammonia 
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Figure 3.35 Comparison of heat transfer coefficient, G = 80 kg/m2-s, (⎯) trendline for pure ammonia 
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Figure 3.36 Comparison of heat transfer coefficient, G = 120 kg/m2-s, (⎯) trendline for pure ammonia 
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Figure 3.37 Comparison of heat transfer coefficient, G = 160 kg/m2-s, (⎯) trendline for pure ammonia 
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Figure 3.38 Comparison of heat transfer coefficient, G = 270 kg/m2-s, (⎯) trendline for pure ammonia 
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Figure 3.39 Pressure drop for ammonia oil mixture with 1% oil in circulation (mass flux, G, in kg/m2-s) 
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Figure 3.40 Comparison of Friedel correlation with experimental data for ammonia oil mixture with 1% oil in 
circulation (mass flux, G, in kg/m2-s) 
0
2
4
6
8
10
12
14
0 2 4 6 8 10 12 14
dP/dz experiment (kPa/m)
dP
/d
z 
Ju
ng
 R
ad
er
m
ac
he
r (
kP
a/
m
)
G=80
G=120
G=160
G=270
-20%
+20%
 
Figure 3.41 Comparison of Jung Radermacher correlation with experimental data for ammonia oil mixture with 
1% oil in circulation (mass flux, G, in kg/m2-s) 
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Figure 3.42 Comparison of Souza correlation with experimental data for ammonia oil mixture with 1% oil in 
circulation (mass flux, G, in kg/m2-s) 
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Figure 3.43 Pressure drop for ammonia oil mixture with 2% oil in circulation (mass flux, G, in kg/m2-s) 
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Figure 3.44 Comparison of Friedel correlation with experimental data for ammonia oil mixture with 2% oil in 
circulation (mass flux, G, in kg/m2-s) 
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Figure 3.45 Comparison of Jung Radermacher correlation with experimental data for ammonia oil mixture with 
2% oil in circulation (mass flux, G, in kg/m2-s) 
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Figure 3.46 Comparison of Souza correlation with experimental data for ammonia oil mixture with 2% oil in 
circulation (mass flux, G, in kg/m2-s) 
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Figure 3.47 Pressure drop for ammonia oil mixture with 3% oil in circulation (mass flux, G, in kg/m2-s) 
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Figure 3.48 Comparison of Friedel correlation with experimental data for ammonia oil mixture with 3% oil in 
circulation (mass flux, G, in kg/m2-s) 
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Figure 3.49 Comparison of Jung Radermacher correlation with experimental data for ammonia oil mixture with 
3% oil in circulation (mass flux, G, in kg/m2-s) 
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Figure 3.50 Comparison of Souza correlation with experimental data for ammonia oil mixture with 3% oil in 
circulation (mass flux, G, in kg/m2-s) 
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Figure 3.51 Pressure drop for ammonia oil mixture with 4% oil in circulation (mass flux, G, in kg/m2-s) 
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Figure 3.52 Comparison of Friedel correlation with experimental data for ammonia oil mixture with 4% oil in 
circulation (mass flux, G, in kg/m2-s) 
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Figure 3.53 Comparison of Jung Radermacher correlation with experimental data for ammonia oil mixture with 
4% oil in circulation (mass flux, G, in kg/m2-s) 
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Figure 3.54 Comparison of Souza correlation with experimental data for ammonia oil mixture with 4% oil in 
circulation (mass flux, G, in kg/m2-s) 
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Figure 3.55 Pressure drop for ammonia oil mixture with 5% oil in circulation (mass flux, G, in kg/m2-s) 
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Figure 3.56 Comparison of Friedel correlation with experimental data for ammonia oil mixture with 5% oil in 
circulation (mass flux, G, in kg/m2-s) 
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Figure 3.57 Comparison of Jung Radermacher correlation with experimental data for ammonia oil mixture with 
5% oil in circulation (mass flux, G, in kg/m2-s) 
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Figure 3.58 Comparison of Souza correlation with experimental data for ammonia oil mixture with 5% oil in 
circulation (mass flux, G, in kg/m2-s) 
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Figure 3.59 Comparison of pressure drop, G = 80 kg/m2-s, (⎯) trendline for pure ammonia 
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Figure 3.60 Comparison of pressure drop, G = 160 kg/m2-s, (⎯) trendline for pure ammonia 
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Figure 3.61 Comparison of pressure drop, G = 160 kg/m2-s, (⎯) trendline for pure ammonia 
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Figure 3.62 Comparison of pressure drop, G = 270 kg/m2-s, (⎯) trendline for pure ammonia 
Table 3.1 Oil properties (CP 1505-68) 
Temperature 
(°C) 
Vapor 
Pressure 
(Pa) 
Density
(kg/m3) 
Specific heat
(J/kg-K) 
Thermal 
Conductivity 
(W/m-K) 
15.56  1043   
37.78 1.33x10-6 1019 2010 0.163 
65.56 1.33x10-5 995 2052 0.159 
93.33 5.33x10-5 983 2135 0.154 
Viscosity at 40°C is 66.8 x 10-6 m2/s 
Table 3.2 Oil concentration for 1% oil in circulation 
G 20 40 80 120 160 270 
0.10  1.46 1.20 0.94 1.11 1.13 
0.20 0.88 1.52 1.13 1.03 0.93 1.21 
0.40 0.89 0.93 0.73 0.85 0.95 1.24 
0.60 1.01 1.19 1.28 1.34 1.52 / 1.66 0.64 
0.80 0.98 1.04 0.84 1.53 0.83 / 0.89  
0.90 0.87 0.96 1.48 1.23 1.34  
0.95     0.92  
 
x 
 87
Table 3.3 Oil concentration for 2% oil in circulation 
G 20 40 80 120 160 270 
0.10   2.06 2.02 2.03 2.02 2.31 
0.20 2.04 2.04 1.95 1.88 1.95 2.34 
0.40 2.38 2.02 1.86 1.62 1.86 2.32 
0.60 2.52 2.22 1.66 2.02 1.66 1.94 
0.80 2.21 1.79 1.76 1.92 1.76   
0.90 2.18 / 1.90 1.88 2.08 2.29 2.08   
0.95 1.90 2.03 2.00 1.87 2.00   
Table 3.4 Oil concentration for 3% oil in circulation 
G 20 40 80 120 160 270 
0.10  2.83 2.90 3.16 3.03 3.10 
0.20 2.88 3.12 2.77 2.97 3.19 3.34 
0.40 3.21 2.80 3.34 2.64 3.12 3.38 
0.60 0.00 2.89 / 2.54 3.15 2.79 3.14 3.02 
0.80 3.42 3.32 2.67 / 2.82 2.88 / 3.32 3.30   
0.90 2.92 2.52 2.62 2.66 2.62 / 2.88   
0.95 3.00 3.30 3.32 3.29     
Table 3.5 Oil concentration for 4% oil in circulation 
G 20 40 80 120 160 270 
0.10   3.81 4.20 3.76 3.59 3.93 
0.20 3.57 4.16 / 4.33 3.74 3.48 3.52 3.87 
0.40 4.53 3.50/ 3.90 3.75 / 4.23 3.40 3.71 3.88 
0.60 4.04 4.19 4.36 / 3.64 3.54 / 4.00 4.13 4.04 
0.80 3.72 3.58 4.03 3.91 4.39   
0.90 4.40 3.56 4.02   3.71   
0.95       3.59 3.83   
Table 3.6 Oil concentration for 5% oil in circulation 
G 
20 40 80 120 160 270 
0.10   5.41 4.68 4.64 4.62 4.88 
0.20 4.70 5.54 4.72 4.44 4.84 5.17 
0.40 5.37 5.25 4.83 5.2 / 5.72 4.80 5.21 
0.60 4.82 4.93 4.65 5.17 6.04 4.86 
0.80 4.90 5.54 4.64 / 5.70 4.75 / 5.72 5.08 / 4.79   
0.90 4.65 5.84   4.64 5.21   
0.95 4.90 4.87   4.74 4.45   
 
x 
x 
x 
x 
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Chapter 4. Pure Ammonia Condensation Results in Microfin Tube 
4.1 Introduction 
Microfin tube can significantly enhance heat transfer during condensation and evaporation.  The 
effectiveness of the microfins is dependent on fluid properties, flow field configuration, heat flux direction 
(evaporation and condensation), and tube geometry (Newell 2001). This study focuses on heat transfer and pressure 
drop during condensation of pure ammonia in axial microfin tube.  
4.2 Pure Ammonia in Microfin Tube Heat Transfer Results 
Investigation of an axial microfin tube has been performed by Vollrath (2003) and he discovered that the 
heat transfer coefficient decreased and pressure drop increased with the enhanced tube. Vollrath used an enhanced 
tube with 60 internal fins with a fin height of 0.34 mm. These fins are quite large compared to the typical height of 
microfins in copper tubes which are about 0.2 mm. The section will be divided to three subsection. The first section 
discusses the enhancement effect of 0.34 mm height microfin. The second section discusses enhancement of the 
axial microfin tube its height modified to an average fin height of 0.32 mm. The last section compares the two 
enhanced tubes along with smooth tube results.  
The heat transfer coefficient for all cases is based on the actual inside area of the enhanced tubes.  An 
enhancement factor is defined which is the ratio of the enhanced tube heat transfer coefficient times the enhanced 
tube surface area relative to the smooth tube heat transfer coefficient times its surface area.  When the enhancement 
factor is less than one, the added tube area is not sufficient to compensate for reductions in the enhanced tube’s heat 
transfer coefficient.  When the enhancement factor is greater than the ratio of the enhanced tube to smooth tube 
surface area ratio, the enhancement has caused significant convective activity greater than that in a smooth tube. 
4.2.1 Ammonia Data in Axial Microfin Tube with 0.34 mm Fin Height 
Three sets of pure ammonia data have been collected by Vollrath (2003) for the axial microfin tube with 
0.34 mm fin height. The first and second sets of data were collected using the same test section tube and the third 
data was collected using a different test section tube with identical microfin geometry. Figures 4.1 – 4.3 shows the 
heat transfer coefficient for the first, second and third set of data, respectively. Figure 4.1 shows that at G = 20 
kg/m2-s, the heat transfer coefficient is relatively constant at approximately 1.2 kW/m2-K. This suggests that at G = 
20 kg/m2-s, the flow is at stratified region. As the mass flux increases, the heat transfer coefficient becomes a 
function of mass flux and quality. At G = 40 – 270 kg/m2-s, the heat transfer coefficient increases as quality 
increases. This gives an idea that in the microfin tube, the transition region between the stratified and annular flow 
occurs at lower mass flux than in smooth tube. Note that at G = 270 kg/m2-s and x = 0.55, the heat transfer 
coefficient decreases slightly because this data point was taken at higher saturation temperature of 37oC. 
Figure 4.2 shows the heat transfer coefficient for ammonia in an axial microfin tube for the second set of 
data. This data set was able to show the repeatability of the test section and test facility. The heat transfer coefficient 
at G = 20 kg/m2-s is not a strong function of quality but at higher mass flux, the heat transfer coefficient is a function 
of mass flux and quality. At G = 270 kg/m2-s and x = 0.56, the heat transfer coefficient is significantly lower than 
the heat transfer coefficient at the G =270  kg/m2-s and x = 0.14 – 0.4. The reason is that this data point is taken at 
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saturation temperature of 42oC. At higher saturation temperature, the vapor density is higher which reduces the bulk 
velocity and the liquid thermal conductivity decreases and thus makes the heat transfer coefficient lower.  
The heat transfer coefficient for the third set of data is shown in Figure 4.3. In general, the heat transfer 
coefficient is consistently 20-30% higher than the first two data sets. One possible reason is a thin coating formed 
along the wall surface of the first test section tube. This coating was observed when the test section had been 
removed from the test facility. To further analyze this film, a detailed chemical spectrograph test was performed on 
the test section. Based on the spectrograph analysis, the film was found to have a high concentration of chlorine. The 
chlorine may have come from R22 (CFClF2) condensation tests performed prior to the ammonia condensation tests. 
No film was found in the test facility’s stainless steel tubing. The existence of this film might increase the thermal 
resistance in the tube wall and alter the condensation heat transfer coefficient (Vollrath 2003). Despite of the 
difference in the heat transfer coefficient, the trends shown in Figure 4.3 are similar to Figure 4.1 and Figure 4.2. 
The heat transfer coefficient increases as mass flux and quality increases at G = 40 – 270 kg/m2-s. 
The parameter used to compare the effect of microfin tube on heat transfer coefficient is the enhancement 
factor, EF. The enhancement factor is defined as the ratio of the heat transfer of the enhanced tube to the heat 
transfer of smooth tube, operating at the same conditions. The enhancement factor in this study is calculated using 
equation (4.1): 
smoothsmooth
enhenh
Ah
Ah
EF =  (4.1) 
where henh is the heat transfer coefficient for the enhanced tube,  hsmooth is the heat transfer coefficient for the smooth 
tube and the ratio of Aenh/Asmooth is approximately 1.8 for axial microfin tube with 0.34 mm fin height. The heat 
transfer coefficient for smooth tube is calculated by curve fitting three set of data.   Computation of the heat transfer 
coefficient for the enhanced tube follows the same procedures describe in section 2.2. 
Figures 4.4 – 4.6 show the enhancement effect for the first, second and third set of data. From Figure 4.4, 
that the enhancement factor at G = 20 kg/m2-s is relatively constant at 0.5. The enhanced tube shows worse 
performance than the smooth tube in terms of heat transfer. This fact is very surprising because the surface area in 
the microfin tube is almost twice that of the smooth tube. One explanation that may cause this decrease in heat 
transfer coefficient is that the fin is too high relative to the average thickness of the liquid film. The fin tips might 
protrude into the vapor core of the two phase flow. The contact between the fin tips and vapor core may decrease the 
turbulent interaction and agitation between vapor and liquid film. 
At G = 40 kg/m2-s, the enhancement factor increases because the heat transfer coefficient of enhanced tube 
increases with quality, but the heat transfer coefficient of smooth tube is relatively constant as quality increases. The 
opposite occurs at G = 270 kg/m2-s. The enhancement factor decreases as quality increases. The heat transfer 
coefficient of enhanced tube only increases slightly as quality increases, but the heat transfer of smooth tube 
increases significantly as quality increases.  
Figure 4.5 shows the enhancement factor for the second set of data. The enhancement factor is less than 
unity regardless of the mass flux and quality. An enhancement factor of unity shows that the enhanced tube performs 
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as well as the smooth tube. The highest enhancement factor occurs at G = 80 kg/m2-s. The reason is the heat transfer 
coefficient of the smooth tube at G = 80 kg/m2-s is the lowest compared to the other mass fluxes.  
Figure 4.6 shows the enhancement factor for the third set of data. Since the heat transfer coefficient for the 
third set of data is higher compared to the other two sets of data, the enhancement factor is also higher. At G = 40 
kg/m2-s, the enhancement factor at high quality is above unity. Enhancement factors at G = 80 kg/m2-s are the 
highest among other mass fluxes, and enhancement factors are approximately 1.2. The microfin tube changes the 
flow characteristics at G = 80 kg/m2-s and enhances the heat transfer coefficients.  
4.2.2 Ammonia Data in Axial Microfin Tube with 0.32 mm Fin Height 
Due to poor performance of the enhanced tube with 0.34 mm fin height on heat transfer coefficient, 
alteration of the enhanced tube is investigated. The fin height is reduced down to approximately 0.32 mm. The fin 
height is reduced by pulling sandpaper through the original enhanced tube. Table 4.1 shows the height of 60 fins and 
there is definitely some variation on the fin height. The surface area ratio between this altered enhanced tube and 
smooth tube is 1.5. Figures 4.7 – 4.11 shows the cross section of unaltered and altered enhanced tube at five 
different axial locations. These axial locations are the same location where the thermocouples are placed. In Figure 
4.7, some fins on the unaltered tube are slanted. This happened because of the cutting process used on the tube. The 
tube was cut using wire EDM. Wire EDM should not cause any stress on the material or deform the fins. However, 
since the tip of the fin is very sharp and has very little material, this deformation occurred. By using very low power 
and a lot of cooling water, it is possible to cut the tube with minimal deformation of the fins, as shown in Figure 
4.11. The altered tube is cut using the same cutting technique and no major deformation occurred. Figure 4.12 and 
Figure 4.13 show the close up of the unaltered and altered enhanced tube. The unaltered tube has a triangular shape 
and very sharp tip, but the altered tube has a trapezoidal shape and flat tip. 
Figure 4.14 shows the heat transfer coefficient for the altered tube. Unlike the smooth tube, the heat 
transfer coefficient appears to be a function of quality for all mass fluxes examined. The heat transfer coefficient 
becomes stronger function of quality as mass flux increases. The modification on the enhanced tube improved the 
heat transfer coefficient. The heat transfer coefficient of the altered tube is significantly higher than the heat transfer 
coefficient of the original enhanced tube.  
From the trend of the heat transfer coefficient, the flow characteristic at G = 40 and 80 kg/m2-s seems to 
have changed from stratified wavy to an annular type of flow. The grooves in the enhanced tube may be inhibiting 
fluid caused by vapor condensation from draining into a stratified flow configuration. For smooth tubes, the heat 
transfer coefficient at G = 80 kg/m2-s is lower than the heat transfer coefficient at G = 40 kg/m2-s.  However, for the 
enhanced tube at G = 80 kg/m2-s, the heat transfer coefficient is on the same level as the high mass flux range, G = 
120 – 270 kg/m2-s. This is a very interesting finding. In general, the heat transfer of the smooth tube increases as the 
mass flux increases. However, at these high mass fluxes, as the heat transfer increases, the pressure drop also 
increases significantly. In this altered enhanced tube, it seems there is an optimum mass flux where it is possible to 
obtain a high heat transfer coefficient with the low pressure drop across the tube.  
Another possible explanation is that at G = 120 – 270 kg/m2-s, the liquid film becomes very thin and the 
film is buried under the fins. This could results single phase heat transfer coefficient on the tip of the fins. At G = 80 
 91
kg/m2-s, the film is thick enough such that the film thickness is greater than the fin height and results in more liquid 
vapor interaction causing a higher two-phase heat transfer coefficient.    
Figure 4.15 shows the enhancement factor of the altered enhanced tube. The enhancement factors for all the 
mass flux are above unity. This shows a very interesting fact related to the sensitivity of the heat transfer coefficient 
to fin height. The lowest enhancement factor is at G = 20 kg/m2-s. At G = 20 kg/m2-s, the flow is in stratified or 
stratified wavy region. Most of the flow is on the bottom on the tube and therefore the enhancement due to the 
surface area is not significant. At G = 40 kg/m2-s, the enhancement factor increases as quality increases. If the 
enhancement factor is constant, then the enhancement on heat transfer is caused by the surface area only. It appears 
that the microfin is able to change the flow fluid mechanically and increases the heat transfer coefficient. The 
enhancement factor is highest at G = 80 kg/m2-s. This is caused by two possible reasons. The first one is that the 
flow changes from stratified wavy to annular flow, and that drastically increases the heat transfer coefficient. The 
second reason is the heat transfer coefficient of smooth tube at G = 80 kg/m2-s is the lowest among other mass 
fluxes in a smooth tube. With the high heat transfer coefficient of enhanced tube and low heat transfer coefficient of 
smooth tube, the enhancement factor becomes very high. The peak of the enhancement factor is 2.6.  
As the mass flux increases from G = 120 to 270 kg/m2-s, the enhancement factor decreases. At G = 160 
kg/m2-s, the enhancement factor is relatively constant approximately at 1.5. This shows that the enhancement that 
reflects the area enhancement. At G = 270 kg/m2-s, the enhancement factor is less than the surface area enhancement 
and it decreases as quality increases. This might be caused by the same problems that occur in the original enhanced 
tube  At G = 270 kg/m2-s, the vapor core moves at high velocity and shears the film to very thin layer. The liquid 
film may be locked between the grooves, effectively blocking the interaction between the liquid film and the vapor.  
4.2.3 Comparison of Heat Transfer Coefficient between Smooth and Enhanced Tube 
This section serves as a direct comparison between the smooth, unaltered (0.34 mm) and altered (0.32 mm) 
microfin tube at different mass fluxes.  
Figure 4.16 shows the heat transfer coefficient for three types of tube at G = 20 kg/m2-s. The smooth tube 
has the highest heat transfer coefficient, followed by the altered enhanced tube and the unaltered enhanced tube has 
the lowest heat transfer coefficient. It is interesting that by reducing the fin height and surface area slightly, the heat 
transfer coefficient of the altered enhanced tube is much greater than the heat transfer coefficient of the unaltered 
enhanced tube.  
At G = 40 kg/m2-s, the heat transfer coefficient of either enhanced tubes is lower than the heat transfer 
coefficient of smooth tube, as shown in Figure 4.17.  It appears that enhancement of the heat transfer at the lower 
mass flux range comes from the increase in surface area, rather than change in fluid mechanic of the flow.  
Figure 4.18 shows that at G = 80 kg/m2-s, the heat transfer coefficient of the altered enhanced tube is very 
high compared to the smooth or unaltered enhanced tube.  
It is interesting that the heat transfer coefficient of the smooth tube is the lowest at G = 80 kg/m2-s, but the 
heat transfer coefficient of the altered enhanced tube is the highest at G = 80 kg/m2-s. This is one of the reason why 
the enhancement factor at G = 80 kg/m2-s is much greater than the surface are ratio.  
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At G = 120 kg/m2-s, the heat transfer coefficient of altered enhanced tube is greater than the heat transfer 
coefficient of smooth tube, as shown in Figure 4.19. It appears that the enhanced tube changes the flow from 
stratified wavy to annular for medium mass flux ranges and this caused significant increases in the heat transfer 
coefficient.  
At G = 160 kg/m2-s, Figure 4.20 shows that the heat transfer coefficient of altered enhanced tube is similar 
to the heat transfer coefficient of smooth tube. The heat transfer coefficient of unaltered enhanced tube is much 
lower compared to the smooth or altered enhanced tubes. At G = 160 kg/m2-s, the flow in smooth tube and altered 
enhanced tube is annular. This suggests that if the flow is annular, then the only enhancement in heat transfer comes 
from the increase in surface area.  
At G = 270 kg/m2-s, Figure 4.21 shows that there is no major improvement in using enhanced tubes. The 
difference between heat transfer coefficient of the smooth and altered enhanced becomes larger as quality increases. 
This results is counter intuitive considering the results at G = 160 kg/m2-s, where the heat transfer of smooth and 
altered enhanced tube are the same, but there is still improvement in heat transfer coefficient due to surface area.  
4.3 Pure Ammonia in Microfin Tube Pressure Drop Results 
4.3.1 Ammonia Data in Axial Microfin Tube with 0.34 mm Fin Height 
Similarly as the heat transfer coefficient data sets, there are three sets of pressure drop data for pure 
ammonia in the axial microfin tube. The first and second sets of data were collected using the same test section tube, 
but the third set of data was collected using a different test section tube. Figures 4.22 – 4.24 shows the pressure 
gradient for first, second and third set of data, respectively. Pressure gradient for mass fluxes less than G = 80 
kg/m2-s are not presented, because the pressure drop level is below the resolution of the pressure transducer. Figure 
4.22 shows that at G = 80 kg/m2-s the pressure gradient increases slightly as quality increases. At G = 160 and 270 
kg/m2-s, the pressure gradient increases as a strong function of quality.  The second and third sets of data show 
similar results as the first set of data. Unlike the heat transfer coefficient data, the thin corrosive film on the first test 
section tube does not have any effect on the pressure drop.  
The pressure drop of microfin tube is generally greater than the pressure drop of smooth tube due to the 
fins. The parameter that is used to compare the pressure drop between the enhanced tube and smooth tube is the 
penalty factor, PF. The penalty factor is defined as pressure drop of the microfin tube to the pressure drop of a 
similar smooth tube operating at the same conditions, over the same length.  
⎟⎟⎠
⎞
⎜⎜⎝
⎛
∆
∆=
smooth
microfin
P
P
PF
equal length
 (4.2) 
The pressure drop of smooth tube is calculated in similar manner as the heat transfer coefficient of smooth tube. 
Three sets of pressure drop data for smooth tube are curve fitted as function of quality. The corresponding pressure 
drop is calculated using the curve fit equation.  
Figures 4.25 – 4.27 shows the penalty factor for the first, second and third pressure drop data. In Figure 
4.25, most of the penalty factor ranges from 1.3 – 1.5. At G = 80 kg/m2-s and x = 0.4, the penalty factor is a slightly 
high compared to the penalty factor at higher mass flux and quality. The microfin might change the flow field 
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characteristics. In the smooth tube at G = 80 kg/m2-s and x = 0.4, the flow might be stratified flow and laminar, but 
in the microfin tube the flow may become turbulent and with a significant increase in pressure drop.  
Figure 4.26 shows that at G = 80 kg/m2-s, the penalty factor decreases as quality increases. The penalty 
factor is higher at the low qualities due to the change of flow characteristic from laminar to turbulent flow. In the 
smooth tube, the flow changes from stratified wavy and laminar to annular and turbulent as quality increases. If the 
flow characteristic in the smooth and enhanced tube is the same then the penalty factor would not be very high. At G 
= 160 and 270 kg/m2-s, the penalty factor is relatively constant as quality increases. The flow characteristic at these 
high mass fluxes, in smooth and enhanced tube, is similar and the increase in pressure drop is probably caused by 
additional friction factor from the fins, not due to change in flow characteristic. Figure 4.27 shows the penalty factor 
for the third set of data. In Figure 4.27, the penalty factor decreases as quality increases for G = 80, 160 and 270 
kg/m2-s, especially at the low quality range.  
4.3.2 Ammonia Data in Axial Microfin Tube with 0.32 mm Fin Height 
Figure 4.28 shows the pressure gradient of the altered enhanced tube. The trend in the pressure gradient of 
the altered enhanced tube is similar with the pressure gradient of smooth or original enhanced tube. Figure 4.29 
shows the penalty factor for the altered enhanced tube. At G = 80 kg/m2-s, the penalty factor decreases as quality 
increases. This shows that at G = 80 kg/m2-s, the altered enhanced tubes performs extremely well. Not only, the 
enhancement factor is highest among other mass fluxes, but the penalty factor is on the same level as the penalty 
factor of other mass fluxes.  
4.3.3 Comparison of Pressure Gradient between Smooth and Enhanced Tubes 
This section serves as direct comparison of the pressure drop between smooth tube, unaltered enhanced 
tube (0.34 mm) and altered enhanced tube (0.32 mm).  Figures 4.30 – 4.33 shows the comparison of these three type 
of tubes at G = 80, 120, 160 and 270 respectively. In general, the pressure gradient of the enhanced tube is greater 
than the pressure gradient of smooth tube by factor of 1.5. The most interesting thing of these figures is the 
similarity of the unaltered and altered enhanced tubes. Even though the altered enhanced tube shows very different 
characteristic from the unaltered enhanced tube on heat transfer basis, these effects do not appear in the pressure 
gradient data.  
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4.4 Figures and Table 
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Figure 4.1 Heat transfer coefficient for ammonia in axial microfin tube with 0.34 mm fin height for first set of 
data (mass flux, G, in kg/m2-s) 
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Figure 4.2 Heat transfer coefficient for ammonia in axial microfin tube with 0.34 mm fin height for second set of 
data (mass flux, G, in kg/m2-s)  
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Figure 4.3 Heat transfer coefficient for ammonia in axial microfin tube with 0.34 mm fin height for third set of 
data (mass flux, G, in kg/m2-s) 
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Figure 4.4 Enhancement factor for ammonia in axial microfin tube with 0.34 mm fin height for first set of data 
for the unaltered enhanced tube (mass flux, G, in kg/m2-s) 
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Figure 4.5 Enhancement factor for ammonia in axial microfin tube with 0.34 mm fin height for second set of 
data for the unaltered enhanced tube (mass flux, G, in kg/m2-s) 
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Figure 4.6 Enhancement factor for ammonia in axial microfin tube with 0.34 mm fin height for third set of data 
for the unaltered enhanced tube (mass flux, G, in kg/m2-s) 
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Figure 4.7 Cross section of unaltered (left) and altered (right) enhanced tube at 9.5 cm from tube’s end 
 
Figure 4.8 Cross section of unaltered (left) and altered (right) enhanced tube at 28.5 cm from tube’s end 
 
Figure 4.9 Cross section of unaltered (left) and altered (right) enhanced tube at 47.5 cm from tube’s end 
 98
 
Figure 4.10 Cross section of unaltered (left) and altered (right) enhanced tube at 66.5 cm from tube’s end 
 
Figure 4.11 Cross section of unaltered (left) and altered (right) enhanced tube at 85.5 cm from tube’s end 
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Figure 4.12 Close-up of unaltered enhanced tube 
 
Figure 4.13 Close-up of altered enhanced tube 
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Figure 4.14 Heat transfer coefficient for ammonia in axial microfin with 0.32 mm fin height tube (mass flux, G, 
in kg/m2-s) 
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Figure 4.15 Enhancement factor for ammonia in axial microfin tube with 0.32 mm fin height (mass flux, G, in 
kg/m2-s) 
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Figure 4.16 Comparison of heat transfer coefficient, G = 20 kg/m2-s, (⎯) trendline for smooth tube 
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Figure 4.17 Comparison of heat transfer coefficient, G = 40 kg/m2-s, (⎯) trendline for smooth tube 
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Figure 4.18 Comparison of heat transfer coefficient, G = 80 kg/m2-s, (⎯) trendline for smooth tube 
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Figure 4.19 Comparison of heat transfer coefficient, G = 120 kg/m2-s, (⎯) trendline for smooth tube 
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Figure 4.20 Comparison of heat transfer coefficient, G = 160 kg/m2-s, (⎯) trendline for smooth tube 
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Figure 4.21 Comparison of heat transfer coefficient, G = 270 kg/m2-s, (⎯) trendline for smooth tube 
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Figure 4.22 Pressure drop for ammonia in axial microfin tube with 0.34 mm fin height for first set of data (mass 
flux, G, in kg/m2-s) 
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Figure 4.23 Pressure drop for ammonia in axial microfin tube with 0.34 mm fin height for second set of data 
(mass flux, G, in kg/m2-s) 
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Figure 4.24 Pressure drop for ammonia in axial microfin tube with 0.34 mm fin height for third set of data (mass 
flux, G, in kg/m2-s) 
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Figure 4.25 Penalty factor for ammonia in axial microfin tube with 0.34 mm fin height for first set of data (mass 
flux, G, in kg/m2-s) 
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Figure 4.26 Penalty factor for ammonia in axial microfin tube with 0.34 mm fin height for second set of data 
(mass flux, G, in kg/m2-s) 
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Figure 4.27 Penalty factor for ammonia in axial microfin tube with 0.34 mm fin height for third set of data (mass 
flux, G, in kg/m2-s) 
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Figure 4.28 Pressure drop for ammonia in axial microfin tube with 0.32 mm fin height (mass flux, G, in kg/m2-s) 
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Figure 4.29 Penalty factor for ammonia in axial microfin tube with 0.32 mm fin height (mass flux, G, in kg/m2-s) 
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Figure 4.30 Comparison of pressure drop, G = 80 kg/m2-s, (⎯) trendline for smooth tube 
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Figure 4.31 Comparison of pressure drop, G = 120 kg/m2-s, (⎯) trendline for smooth tube 
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Figure 4.32 Comparison of pressure drop, G = 160 kg/m2-s, (⎯) trendline for smooth tube 
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Figure 4.33 Comparison of pressure drop, G = 270 kg/m2-s, (⎯) trendline for smooth tube 
Table 4.1 Fin height of the altered enhanced tube 
Fin number Fin height (mm) 
1 0.3353 
2 0.3429 
3 0.3429 
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4 0.3531 
5 0.3505 
6 0.3378 
7 0.3404 
8 0.3277 
9 0.3226 
10 0.3327 
11 0.3226 
12 0.3226 
13 0.3277 
14 0.3353 
15 0.3404 
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Chapter 5. Conclusion 
Pressure drop and heat transfer experiments were conducted to investigate the effects of ammonia in an in-
tube condensation system.  Effects of ammonia oil mixtures and tube geometry were also explored.  The results of 
this project were presented and explained in the previous chapters.  
For pure ammonia in the smooth tube, the heat transfer coefficient increases with quality, except at G = 80 
kg/m2-s. This phenomenon is not found in other type of refrigerant and further investigation is needed. Heat transfer 
correlation tends to overpredict the experimental results. The pressure drop increases with quality and pressure drop 
becomes stronger function of quality as mass flux increases.  Pressure drop correlation gives good prediction of the 
experimental results.  
Heat transfer results show that oil does not affect the heat transfer coefficient at low mass flux and low 
quality. For ammonia oil mixtures, the heat transfer coefficient decreases at high mass fluxes and quality due to oil 
effect. In general, as oil concentration increases, the heat transfer coefficient decreases. Thome heat transfer 
correlation is able to predict experimental heat transfer coefficient well, while Cavallini heat transfer correlation 
overpredicts the heat transfer coefficient significantly. The pressure drop of ammonia oil mixtures increases with 
higher oil concentration. The Friedel pressure drop correlation overpredicts the pressure drop results significantly 
and the Jung and Radermacher and the Souza correlations are in good agreement with the experimental results.  
The heat transfer coefficient of the enhanced tube is lower or higher than the heat transfer coefficient of the 
smooth tube depending on the fin height. The heat transfer coefficient of the unaltered enhanced tube is two or three 
times lower than the heat transfer coefficient of the smooth tube. The heat transfer of the altered enhanced tube is 
higher than the heat transfer coefficient of the unaltered enhanced tube at all range mass fluxes examined. The heat 
transfer in the altered enhanced tube is higher than the heat transfer in the smooth tube because the enhancement 
factor is above unity regardless of the mass flux and quality. The pressure drop of the unaltered and altered 
enhanced tubes is higher than the pressure drop of the smooth tube. The pressure drop of the unaltered and altered 
enhanced tube is very similar, although the heat transfer characteristic is very different.  
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Appendix A. Integral Method in Calculating Heat Transfer Coefficient 
This section discusses the statistical analysis in calculating the heat transfer coefficient. Figure A.1 and 
Figure A.2 shows the typical local heat transfer coefficient measured with 4 and 5 axial locations of thermocouples. 
Figure A.1 shows that the heat transfer coefficients are very much alike despite of the axial location. From Figure 
A.2, the heat transfer coefficient at the last axial location (L = 0.855 m) is much lower than the heat transfer 
coefficient at the other four locations. This raises the nonlinearity issue in calculating the heat transfer coefficient. 
Since the average heat transfer coefficient is calculated by simple averaging of the local heat transfer coefficient, it 
is uncertain that this method will give a good representation of the average heat transfer coefficient. To investigate 
this matter more thoroughly, temperature measurement of the copper bars was taken. Figure A.3 shows the 
temperature of the wall, refrigerant and copper bar changes with the axial location. It turns out the temperature of the 
copper bar at the last axial location also significantly lower than the temperatures at other axial locations. It should 
be noted that the water temperature are only measured at the inlet and outlet stream. Assuming that the temperature 
profile of the copper bar will give a good representation of the water temperature, the water temperature between the 
inlet and outlet can be interpolated, using the copper bar temperature profile as its basis. Figure A.3 also shows that 
the wall temperature does not vary as linearly as it is expected. The wall temperature at the last axial location is 2oC 
lower than the temperature at other axial locations and this will decrease the heat transfer coefficients by half, as 
shown in Figure A.2. 
The integral method is developed to take into account of the temperature’s nonlinearity. The temperature 
difference (∆T) between the wall and refrigerant will be calculated using integration, as shown below.  
( )∫ −=∆ L wallref dxxTxTLT 0 )()(
1
 (A.1) 
where Tref and Twall are functions of axial location and L is the length of tube.  
The integral above can be solved numerically, by knowing the refrigerant and wall temperature at each 
axial location. Equation A.2 shows the calculation of using the trapezoid rule in calculating the integral.   
∑
=
++ ∆−+−=∆
4
1
1,1,,,
2
)()(
i
iwallirefiwalliref
X
xTTTT
T  (A.2) 
where ∆x is 0.19 m and X = 0.76 m. 
The heat transfer coefficient can be found by simply dividing the heat flux with the ∆T which is found from 
equation A.2. Figures A.4 – A.6 shows the comparison between the heat transfer coefficients calculated using the 
integral method and the ones calculated by simple averaging for the first, second and third data sets, respectively. 
The first data set does not show any nonlinearity, but the second and third data sets show the nonlinearity. 
From Figures A.4 – A.6, the heat transfer coefficients calculated using either method are in a good 
agreement.  
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Figure A.1 Heat transfer coefficient with 4 axial locations of thermocouples 
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Figure A.2 Heat transfer coefficient with 5 axial locations of thermocouples 
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Figure A.3 Temperature variation with axial distance 
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Figure A.4 Comparison between heat transfer coefficient calculated using integral method and simple averaging 
for the first data set (Mass flux, G, in kg/m2-s) 
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Figure A.5 Comparison between heat transfer coefficient calculated using integral method and simple averaging 
for the second data set (Mass flux, G, in kg/m2-s) 
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Figure A.6 Comparison between heat transfer coefficient calculated using integral method and simple averaging 
for the third data set (Mass flux, G, in kg/m2-s) 
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Appendix B. Pure Ammonia Heat Transfer Data 
The units used in these tables are:  G (kg/m2-s), xave (-), ∆x/2, Tref,in (ºC), Tref,out (ºC), Twall,ave (ºC), and h 
(kW/m2-K). 
Table B.1  Pure ammonia data (Set 1). 
First Set of Ammonia Data 
G x ∆x/2 Tref,in Tref,out Twall,ave h 
20 0.17 0.079 32.77 32.78 30.73 3.95 
20 0.35 0.117 35.58 35.53 32.72 4.15 
20 0.57 0.104 34.39 33.96 31.77 4.41 
22 0.78 0.099 35.02 34.21 32.22 4.60 
20 0.90 0.111 35.28 34.41 32.38 4.66 
19 0.94 0.112 34.73 33.87 31.93 4.59 
39 0.07 0.043 33.97 34.02 31.66 3.70 
43 0.13 0.054 35.78 35.85 32.85 4.03 
43 0.32 0.051 34.47 34.51 32.17 4.87 
40 0.59 0.059 34.88 34.85 32.61 5.31 
42 0.74 0.054 34.99 34.81 32.65 5.22 
39 0.87 0.058 34.56 34.04 32.18 5.45 
41 0.89 0.057 35.36 34.89 32.82 5.24 
79 0.17 0.029 34.66 34.74 31.76 3.93 
79 0.39 0.024 35.78 35.84 33.43 3.99 
80 0.61 0.027 34.55 34.55 31.92 4.12 
77 0.58 0.024 35.68 35.70 33.40 4.10 
78 0.81 0.030 35.37 35.30 32.80 4.69 
83 0.86 0.029 35.57 35.44 33.08 4.96 
80 0.91 0.030 35.80 35.59 33.28 5.04 
126 0.10 0.016 35.38 35.44 32.88 4.01 
120 0.16 0.015 34.67 34.74 32.29 3.91 
117 0.37 0.019 35.99 36.01 33.51 4.45 
119 0.61 0.016 35.01 34.94 33.08 5.11 
116 0.82 0.016 35.24 35.08 33.42 5.54 
117 0.89 0.014 33.59 33.35 32.07 6.12 
122 0.92 0.018 34.67 34.41 32.87 6.64 
165 0.08 0.014 34.65 34.66 32.20 4.64 
164 0.19 0.012 35.36 35.41 33.12 4.42 
162 0.38 0.016 35.64 35.57 33.35 5.87 
160 0.55 0.016 35.22 35.04 33.11 6.58 
164 0.73 0.016 35.36 35.06 33.41 7.58 
157 0.87 0.018 35.99 35.65 34.04 8.28 
160 0.95 0.012 39.48 39.05 37.90 7.23 
273 0.07 0.008 34.46 34.49 32.21 4.65 
274 0.20 0.009 35.61 35.48 33.41 5.79 
273 0.38 0.009 35.32 34.85 33.38 7.37 
270 0.59 0.011 41.31 40.81 39.13 7.64 
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Table B.2  Pure ammonia data (Set 2). 
Second Set of Ammonia Data 
G x ∆x/2 Tref,in Tref,out Twall,ave h 
19 0.14 0.087 31.92 31.87 29.65 4.15 
23 0.32 0.080 35.24 35.26 32.86 4.17 
24 0.52 0.076 35.14 35.26 32.93 4.32 
19 0.81 0.094 34.78 35.22 32.87 4.55 
20 0.88 0.090 34.40 34.94 32.58 4.46 
20 0.95 0.088 33.97 34.62 32.28 4.46 
19 0.96 0.111 33.92 34.66 32.01 4.84 
40 0.12 0.027 32.24 32.18 30.31 3.25 
40 0.25 0.039 34.94 34.89 32.94 4.16 
41 0.41 0.041 35.69 35.64 33.76 4.74 
41 0.65 0.037 34.65 34.66 33.02 5.06 
42 0.81 0.044 34.50 34.58 32.57 5.08 
40 0.86 0.042 34.93 35.09 33.23 4.96 
40 0.94 0.035 33.16 33.41 31.78 4.89 
79 0.08 0.018 33.82 33.80 31.96 4.29 
83 0.18 0.020 35.66 35.59 33.43 4.12 
78 0.41 0.021 34.96 34.92 32.92 4.27 
80 0.61 0.022 35.54 35.54 33.50 4.53 
76 0.80 0.024 36.02 36.02 34.08 5.14 
80 0.86 0.020 34.43 34.50 32.86 5.40 
78 0.98 0.023 35.38 35.57 33.82 5.82 
122 0.11 0.014 35.10 35.03 32.90 4.43 
123 0.19 0.016 34.88 34.82 32.32 4.15 
126 0.38 0.017 35.76 35.76 33.37 4.92 
123 0.61 0.017 35.23 35.33 33.46 6.04 
120 0.81 0.020 37.80 37.90 35.86 6.39 
163 0.08 0.011 35.03 35.03 32.70 4.30 
158 0.20 0.010 35.25 35.22 32.90 4.20 
164 0.21 0.013 35.63 35.60 33.14 4.26 
156 0.38 0.011 34.81 34.91 33.12 5.48 
160 0.61 0.011 34.77 35.02 33.54 6.92 
159 0.79 0.011 34.49 34.79 33.46 7.95 
159 0.89 0.011 35.16 35.45 34.09 8.31 
161 0.89 0.013 34.50 34.80 33.16 8.14 
275 0.09 0.007 33.94 33.95 31.51 4.25 
273 0.21 0.006 35.37 35.52 33.76 5.57 
275 0.39 0.008 34.55 35.06 33.32 7.87 
273 0.59 0.011 39.19 39.76 37.59 8.61 
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Table B.3  Pure ammonia data (Set 3). 
Third Set of Ammonia Data 
G x ∆x/2 Tref,in Tref,out Twall,ave h 
22 0.22 0.062 35.78 35.89 33.80 3.82 
22 0.41 0.054 34.30 34.40 32.81 4.50 
23 0.56 0.057 34.27 34.36 32.85 4.99 
21 0.82 0.061 35.02 35.12 33.59 4.72 
20 0.94 0.068 34.74 34.81 33.46 5.83 
22 0.95 0.056 34.42 34.48 33.22 5.59 
40 0.10 0.029 33.90 33.99 32.01 3.62 
42 0.18 0.035 35.81 35.84 34.07 4.84 
41 0.38 0.033 35.16 35.28 33.73 5.16 
41 0.57 0.034 34.87 34.97 33.53 5.57 
39 0.80 0.037 35.18 35.28 33.84 5.89 
40 0.87 0.036 34.87 34.97 33.58 5.88 
40 0.94 0.036 35.35 35.44 34.03 6.00 
78 0.10 0.018 35.20 35.20 33.48 4.44 
79 0.18 0.016 34.40 34.50 32.87 4.49 
79 0.39 0.019 36.04 36.14 34.15 4.13 
81 0.62 0.016 34.92 35.00 33.34 4.47 
79 0.78 0.017 35.11 35.20 33.58 4.77 
83 0.85 0.016 35.11 35.21 33.76 5.70 
121 0.11 0.012 35.74 35.77 34.01 4.66 
122 0.18 0.011 34.99 35.07 33.32 4.34 
120 0.41 0.012 35.50 35.57 33.89 5.02 
123 0.59 0.012 35.14 35.17 33.74 5.71 
124 0.76 0.011 34.35 34.36 33.12 6.20 
123 0.89 0.012 35.59 35.60 34.34 6.77 
120 0.94 0.012 35.36 35.37 34.12 6.81 
159 0.10 0.008 34.55 34.56 32.90 4.32 
164 0.20 0.009 35.37 35.43 33.49 4.01 
163 0.41 0.009 35.41 35.44 33.94 5.66 
159 0.59 0.009 35.28 35.24 34.02 6.77 
155 0.79 0.010 34.94 34.87 33.82 7.79 
158 0.88 0.009 35.16 35.09 34.03 7.69 
161 0.95 0.010 35.31 35.23 34.21 8.31 
277 0.10 0.005 35.14 35.18 33.56 4.77 
275 0.20 0.006 35.74 35.74 34.19 5.68 
268 0.41 0.006 35.58 35.39 34.36 7.88 
271 0.58 0.005 35.01 34.72 33.92 8.95 
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Appendix C. Pure Ammonia Wall Temperature Data 
The units used in these tables are:  G (kg/m2-s), xave (-), Twall,a (°C), Twall,b (°C), Twall,c (°C), and Twall,d (°C), 
Table C.1  Pure ammonia wall temperature data (Set 1). 
First Set of Ammonia Data 
G x Twall,a Twall,b Twall,c Twall,d 
20 0.17 30.94 30.91 30.39 30.66 
20 0.35 33.02 32.94 32.28 32.64 
20 0.57 31.97 31.91 31.48 31.74 
22 0.78 32.31 32.26 32.08 32.25 
20 0.90 32.48 32.43 32.23 32.40 
19 0.94 32.01 31.96 31.79 31.95 
39 0.07 31.85 31.82 31.35 31.61 
43 0.13 33.15 33.09 32.39 32.76 
43 0.32 32.35 32.29 31.89 32.13 
40 0.59 32.73 32.68 32.43 32.61 
42 0.74 32.73 32.68 32.52 32.67 
39 0.87 32.21 32.17 32.11 32.21 
41 0.89 32.87 32.82 32.73 32.86 
79 0.17 31.93 31.86 31.49 31.74 
79 0.39 33.43 33.39 33.43 33.48 
80 0.61 31.89 31.83 31.98 31.97 
77 0.58 33.35 33.32 33.46 33.46 
78 0.81 32.74 32.67 32.90 32.86 
83 0.86 33.01 32.95 33.20 33.15 
80 0.91 33.21 33.15 33.40 33.35 
126 0.10 33.04 33.00 32.65 32.86 
120 0.16 32.36 32.33 32.18 32.30 
117 0.37 33.48 33.43 33.56 33.57 
119 0.61 33.00 32.98 33.19 33.15 
116 0.82 33.34 33.30 33.56 33.50 
117 0.89 31.99 31.97 32.19 32.14 
122 0.92 32.78 32.75 33.01 32.96 
165 0.08 32.29 32.25 32.05 32.20 
164 0.19 33.10 33.06 33.14 33.17 
162 0.38 33.26 33.22 33.48 33.43 
160 0.55 33.01 32.98 33.25 33.19 
164 0.73 33.33 33.29 33.54 33.49 
157 0.87 33.95 33.91 34.17 34.12 
160 0.95 37.80 37.77 38.03 37.98 
273 0.07 32.22 32.17 32.20 32.24 
274 0.20 33.34 33.29 33.52 33.49 
273 0.38 33.29 33.25 33.51 33.47 
270 0.59 39.02 38.96 39.30 39.25 
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Table C.2  Pure ammonia wall temperature data (Set 2). 
Second Set of Ammonia Data 
G x Twall,a Twall,b Twall,c Twall,d 
19 0.14 29.81 29.73 29.47 29.59 
23 0.32 33.03 32.94 32.66 32.80 
24 0.52 33.07 33.00 32.76 32.89 
19 0.81 32.96 32.93 32.76 32.84 
20 0.88 32.65 32.63 32.49 32.56 
20 0.95 32.33 32.33 32.21 32.25 
19 0.96 32.05 32.06 31.94 31.98 
40 0.12 30.42 30.36 30.19 30.28 
40 0.25 33.06 33.00 32.80 32.89 
41 0.41 33.84 33.81 33.66 33.73 
41 0.65 33.05 33.04 32.97 33.01 
42 0.81 32.59 32.60 32.53 32.57 
40 0.86 33.24 33.25 33.18 33.23 
40 0.94 31.79 31.80 31.75 31.78 
79 0.08 32.05 32.01 31.85 31.93 
83 0.18 33.51 33.49 33.33 33.40 
78 0.41 32.91 32.94 32.91 32.92 
80 0.61 33.45 33.50 33.54 33.52 
76 0.80 34.01 34.08 34.14 34.11 
80 0.86 32.78 32.84 32.92 32.89 
78 0.98 33.73 33.80 33.88 33.85 
122 0.11 32.96 32.96 32.82 32.86 
123 0.19 32.31 32.36 32.31 32.30 
126 0.38 33.27 33.36 33.45 33.39 
123 0.61 33.34 33.44 33.56 33.49 
120 0.81 35.71 35.84 36.00 35.90 
163 0.08 32.74 32.76 32.65 32.67 
158 0.20 32.83 32.92 32.95 32.90 
164 0.21 33.09 33.15 33.18 33.14 
156 0.38 33.03 33.11 33.18 33.14 
160 0.61 33.44 33.53 33.62 33.57 
159 0.79 33.36 33.45 33.55 33.50 
159 0.89 33.98 34.07 34.18 34.12 
161 0.89 33.05 33.15 33.25 33.20 
275 0.09 31.43 31.53 31.57 31.52 
273 0.21 33.67 33.75 33.83 33.77 
275 0.39 33.20 33.31 33.43 33.35 
273 0.59 37.42 37.57 37.74 37.64 
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Table C.3  Pure ammonia wall temperature data (Set 3). 
Third Set of Ammonia Data 
G x Twall,a Twall,b Twall,c Twall,d 
22 0.22 33.96 33.82 33.68 33.73 
22 0.41 32.92 32.82 32.75 32.77 
23 0.56 32.91 32.83 32.82 32.84 
21 0.82 33.60 33.55 33.62 33.60 
20 0.94 33.46 33.41 33.50 33.48 
22 0.95 33.19 33.16 33.27 33.25 
40 0.10 32.12 32.02 31.94 31.96 
42 0.18 34.18 34.06 34.00 34.02 
41 0.38 33.77 33.69 33.73 33.72 
41 0.57 33.55 33.48 33.56 33.54 
39 0.80 33.85 33.79 33.87 33.86 
40 0.87 33.58 33.52 33.62 33.61 
40 0.94 34.02 33.97 34.07 34.06 
78 0.10 33.58 33.44 33.44 33.46 
79 0.18 32.93 32.81 32.85 32.87 
79 0.39 34.15 34.05 34.20 34.19 
81 0.62 33.26 33.23 33.44 33.43 
79 0.78 33.49 33.46 33.69 33.68 
83 0.85 33.67 33.65 33.87 33.86 
121 0.11 34.10 33.96 33.98 33.99 
122 0.18 33.32 33.23 33.36 33.36 
120 0.41 33.80 33.76 34.01 33.99 
123 0.59 33.63 33.61 33.86 33.85 
124 0.76 33.02 33.01 33.23 33.22 
123 0.89 34.24 34.22 34.46 34.46 
120 0.94 34.02 34.00 34.23 34.23 
159 0.10 32.92 32.81 32.91 32.94 
164 0.20 33.43 33.37 33.58 33.59 
163 0.41 33.85 33.82 34.05 34.03 
159 0.59 33.92 33.90 34.14 34.13 
155 0.79 33.72 33.71 33.93 33.93 
158 0.88 33.93 33.91 34.14 34.15 
161 0.95 34.11 34.09 34.32 34.33 
277 0.10 33.47 33.44 33.68 33.64 
275 0.20 34.10 34.06 34.31 34.28 
268 0.41 34.25 34.24 34.48 34.47 
271 0.58 33.81 33.80 34.02 34.03 
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Appendix D. Pure Ammonia Pressure Drop Data 
The units used in these tables are:  G (kg/m2-s), xave (-), dP (kPa), dPcorrected (kPa), dP/dz (kPa/m), and 
dP/dzcorrected (kPa/m). 
Table D.1 Pure ammonia pressure drop data (Set 1). 
First Set of Ammonia Data 
G x dP dPcorrected dP/dz dP/dzcorrected 
79 0.39 0.48 0.26 0.44 0.28 
80 0.61 0.96 0.62 0.88 0.66 
77 0.58 0.74 0.41 0.68 0.44 
78 0.81 1.07 0.63 0.98 0.67 
83 0.86 1.23 0.77 1.13 0.82 
80 0.91 1.15 0.66 1.05 0.71 
126 0.10 0.24 0.20 0.22 0.22 
120 0.16 0.39 0.11 0.36 0.36 
117 0.37 1.23 0.56 1.13 0.60 
119 0.61 2.40 1.46 2.20 1.57 
116 0.82 2.84 1.74 2.60 1.87 
117 0.89 3.00 1.87 2.74 2.00 
122 0.92 3.08 1.96 2.82 2.10 
165 0.08 0.46 0.43 0.42 0.46 
164 0.19 1.09 0.61 1.00 0.65 
162 0.38 2.78 1.65 2.55 1.77 
160 0.55 4.33 2.79 3.96 2.99 
164 0.73 5.67 3.92 5.19 4.20 
157 0.87 5.07 3.30 4.65 3.53 
160 0.95 4.36 2.62 3.99 2.81 
273 0.07 1.28 1.12 1.17 1.20 
274 0.20 3.78 2.25 3.46 2.41 
273 0.38 8.45 5.47 7.73 5.86 
270 0.59 10.27 6.37 9.40 6.82 
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Table D.2 Pure ammonia pressure drop data (Set 2). 
Second Set of Ammonia Data 
G x dP dPcorrected dP/dz dP/dzcorrected 
78 0.41 0.44 0.21 0.40 0.22 
80 0.61 0.92 0.58 0.84 0.62 
76 0.80 1.00 0.56 0.91 0.60 
80 0.86 1.24 0.77 1.13 0.82 
78 0.98 1.11 0.59 1.01 0.64 
122 0.11 0.26 0.22 0.24 0.24 
123 0.19 0.48 0.16 0.44 0.17 
126 0.38 1.40 1.01 1.28 1.08 
123 0.61 2.49 1.75 2.28 1.88 
120 0.81 2.81 1.77 2.57 1.90 
163 0.08 0.36 0.33 0.33 0.36 
158 0.20 1.08 0.54 0.99 0.58 
164 0.21 1.13 0.57 1.04 0.61 
156 0.38 2.49 1.36 2.28 1.45 
160 0.61 4.74 3.11 4.34 3.33 
159 0.79 5.49 3.72 5.03 3.98 
159 0.89 5.48 3.71 5.02 3.97 
161 0.89 5.55 3.78 5.08 4.05 
275 0.09 1.35 0.97 1.23 1.04 
273 0.21 3.88 2.29 3.56 2.46 
275 0.39 8.74 5.72 8.00 6.13 
273 0.59 11.04 7.15 10.11 7.66 
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Table D.3 Pure ammonia pressure drop data (Set 3). 
Third Set of Ammonia Data 
G x dP dP/dz 
79 0.39 0.40 0.36 
81 0.62 0.93 0.85 
79 0.78 1.19 1.09 
83 0.85 1.22 1.12 
122 0.18 0.44 0.40 
120 0.41 1.48 1.35 
123 0.59 2.45 2.24 
124 0.76 3.21 2.94 
123 0.89 2.99 2.73 
120 0.94 2.93 2.68 
159 0.10 0.41 0.38 
164 0.20 1.07 0.98 
163 0.41 2.97 2.72 
159 0.59 4.41 4.04 
155 0.79 5.01 4.58 
158 0.88 5.06 4.64 
161 0.95 4.89 4.48 
277 0.10 1.68 1.54 
275 0.20 3.70 3.39 
268 0.41 8.46 7.75 
271 0.58 11.79 10.80 
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Appendix E. Cavallini Model on Ammonia Oil Mixtures 
Comparison Cavallini Model with Ammonia Oil Experimental Results 
This section show the comparison between Cavallini correlation and the experimental results for 2-5% 
ammonia oil mixtures. 
0
10
20
30
40
50
60
70
0 10 20 30 40 50 60 70
Experimental Heat Transfer Coefficient (kW/m2-K)
Pr
ed
ic
te
d 
H
ea
t T
ra
ns
fe
r C
oe
ffi
ci
en
t (
kW
/m
2 -
K
) 
G=20
G=40
G=80
G=120
G=160
G=270
 
Figure E.1 Cavallini correlation vs. experimental data for ammonia-oil mixture with 2% oil in circulation (Mass 
flux, G, in kg/m2-s) 
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Figure E.2 Cavallini correlation vs. experimental data for ammonia-oil mixture with 3% oil in circulation (Mass 
flux, G, in kg/m2-s) 
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Figure E.3 Cavallini correlation vs. experimental data for ammonia-oil mixture with 4% oil in circulation (Mass 
flux, G, in kg/m2-s) 
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Figure E.4 Cavallini correlation vs. experimental data for ammonia-oil mixture with 5% oil in circulation (Mass 
flux, G, in kg/m2-s) 
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Figure E.5 Cavallini correlation vs. experimental data for ammonia-oil mixture with 1% oil in circulation (Mass 
flux, G, in kg/m2-s) 
Cavallini Model in Conjunction with Souza Pressure Drop Model 
Among the Friedel, Jung and Radermacher, and Souza pressure drop models, the Souza correlations is the 
best one that is able to predict the pressure drop of ammonia oil mixture. Since the weakness of Cavallini model is in 
calculating the pressure gradient, this section investigates the use of the Souza pressure gradient model with 
Cavallini model.  Souza pressure drop model replaces the (dp/dz)f term that appears on equation (2.8) on Cavallini 
model (2002). Figures E.6 – E.8 shows the heat transfer coefficient of Cavallini-Souza model for pure ammonia and 
1-5% ammonia oil mixtures at G = 20, 80 and 270 kg/m2-s, respectively. The heat transfer coefficient for pure 
ammonia is very similar to the Cavallini model. However for the ammonia oil mixture, the heat transfer coefficient 
predicted by Cavallini-Souza model decreases as quality increases. The heat transfer coefficient predicted by 
Cavallini model increases as quality increases. The heat transfer coefficient also decreases as oil concentration 
increases.  However, the predicted heat transfer coefficient for ammonia oil mixture is very low compared to the 
experimental results, especially at the high mass flux range. 
 129
0
2
4
6
8
10
12
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Vapor Quality [-]
H
ea
t T
ra
ns
fe
r C
oe
ffi
ci
en
t (
kW
/m
2 -
K
)
Pure
1% oil
3% oil
5% oil
 
Figure E.6 Heat transfer coefficient for pure and ammonia oil mixtures based on Cavallini-Souza correlation at 
G = 20 kg/m2-s 
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Figure E.7 Heat transfer coefficient for pure and ammonia oil mixtures based on Cavallini-Souza correlation at 
G = 80 kg/m2-s 
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Figure E.8 Heat transfer coefficient for pure and ammonia oil mixtures based on Cavallini-Souza correlation at 
G = 270 kg/m2-s 
 131
Appendix F. Ammonia Oil Heat Transfer Data 
The units used in these tables are:  G (kg/m2-s), xin (-),ωinlet (%), Tref,in (ºC), Tref,out (ºC), Twall,ave (ºC), and 
h (kW/m2-K). 
Table F.1  Ammonia heat transfer data (1% oil). 
1% Oil in Circulation 
G x ωinlet Tref,in Tref,out Twall,ave h 
22 0.21 0.88 34.58 34.69 32.90 4.27 
19 0.41 0.89 35.36 35.45 33.69 4.75 
21 0.68 1.01 34.84 34.91 33.44 5.83 
21 0.75 0.98 34.47 34.52 32.80 5.07 
21 0.92 0.87 35.82 35.73 34.06 5.79 
21 0.90 1.30 35.42 35.32 33.33 5.58 
38 0.09 1.46 34.58 34.68 32.27 4.19 
38 0.20 1.52 35.58 35.61 33.40 5.23 
42 0.39 0.93 34.40 34.52 33.12 5.51 
39 0.62 1.19 35.22 35.31 33.82 5.14 
42 0.80 1.04 35.01 35.08 33.46 3.95 
40 0.87 0.96 34.52 34.58 33.51 4.78 
81 0.11 1.20 34.40 34.44 32.89 4.82 
78 0.19 1.13 35.94 36.04 34.23 4.65 
82 0.38 0.73 35.10 35.21 33.48 4.50 
76 0.66 1.28 36.16 36.25 34.34 4.79 
83 0.78 0.84 34.41 34.45 32.67 5.66 
81 0.87 1.48 35.89 35.81 33.67 5.33 
86 0.91 1.11 35.56 35.42 33.54 6.69 
119 0.10 0.94 34.89 34.94 33.21 4.32 
119 0.21 1.03 35.14 35.21 33.29 4.01 
122 0.40 0.85 34.90 34.95 33.28 4.85 
123 0.59 1.34 33.99 33.99 32.65 5.62 
121 0.79 1.53 35.20 35.18 33.54 6.75 
120 0.88 1.23 34.19 34.12 32.67 6.61 
119 0.93 0.99 33.80 33.32 31.86 6.47 
161 0.11 1.11 35.17 35.22 33.41 4.41 
160 0.19 0.93 35.74 35.81 33.82 4.12 
166 0.37 0.95 34.48 34.48 33.08 4.97 
154 0.64 1.52 34.66 34.61 33.49 6.98 
162 0.59 1.66 35.34 35.26 33.99 5.88 
160 0.79 0.84 35.37 35.33 34.17 8.09 
159 0.77 0.90 34.49 34.40 33.35 7.69 
162 0.90 1.34 35.65 35.49 34.19 8.12 
158 0.94 0.92 34.67 34.32 33.11 8.08 
274 0.09 1.13 35.19 35.21 33.37 4.45 
263 0.22 1.21 34.63 34.61 33.31 6.15 
270 0.39 1.24 35.58 35.40 34.36 8.05 
273 0.58 0.64 35.06 34.72 33.94 9.20 
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Table F.2  Ammonia heat transfer data (2% oil). 
2% Oil in Circulation 
G x ωinlet Tref,in Tref,out Twall,ave h 
20 0.21 2.04 33.24 33.26 30.70 3.67 
21 0.37 2.38 34.07 34.13 32.07 4.70 
23 0.64 2.52 35.12 35.15 32.92 5.08 
22 0.87 2.21 36.06 35.90 34.25 5.87 
21 0.91 2.19 35.65 35.48 33.89 5.67 
21 0.91 1.90 35.98 35.62 33.98 5.26 
41 0.11 2.06 35.43 35.51 32.76 3.95 
43 0.19 2.04 34.46 34.51 32.45 4.75 
40 0.42 2.02 35.14 35.24 33.35 5.51 
38 0.59 2.22 35.94 36.02 33.88 5.16 
43 0.76 2.30 35.55 35.61 33.78 5.46 
40 0.81 1.79 34.01 34.05 32.55 5.53 
43 0.89 1.88 35.46 35.41 33.71 5.68 
84 0.10 2.21 34.27 34.17 33.07 4.12 
83 0.17 1.85 35.19 35.30 32.31 3.63 
80 0.41 1.72 34.29 34.38 33.38 4.17 
81 0.60 1.79 34.94 35.01 32.18 4.42 
82 0.79 2.10 35.22 35.22 32.46 5.19 
78 0.91 1.60 35.69 35.60 32.16 5.44 
79 0.88 2.15 34.67 34.59 33.85 5.15 
79 0.95 2.03 35.42 34.60 32.92 4.51 
121 0.12 2.03 34.10 34.13 32.01 3.66 
122 0.21 1.88 35.35 35.43 33.15 3.60 
120 0.42 1.62 34.59 34.64 32.64 4.80 
122 0.58 2.02 35.91 35.94 34.23 6.09 
121 0.85 1.92 34.66 34.59 32.69 6.56 
123 0.87 2.29 33.98 33.86 31.95 6.19 
119 0.95 1.87 36.55 34.99 33.68 4.55 
158 0.12 2.02 35.51 35.53 33.10 3.83 
157 0.21 1.95 35.88 35.96 33.64 4.27 
156 0.40 1.86 35.98 35.99 33.94 5.06 
162 0.59 1.66 35.34 35.26 33.99 5.88 
162 0.79 1.76 35.31 35.19 33.88 8.05 
162 0.86 2.08 34.36 34.15 32.60 6.47 
159 0.94 2.00 36.44 35.27 33.50 4.40 
271 0.11 2.31 35.11 35.13 32.88 4.52 
268 0.18 2.34 34.96 34.95 33.13 5.70 
267 0.40 2.32 35.73 35.53 34.17 7.00 
281 0.57 1.94 35.96 35.61 34.48 8.66 
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Table F.3  Ammonia heat transfer data (3% oil). 
3% Oil in Circulation 
G x ωinlet Tref,in Tref,out Twall,ave h 
21 0.22 2.88 34.33 34.43 32.26 3.82 
22 0.34 3.21 34.62 34.71 32.30 4.62 
22 0.73 3.42 34.71 34.74 33.15 6.14 
21 0.83 2.92 34.19 34.00 32.66 5.57 
20 0.89 3.00 34.56 34.26 32.84 4.83 
44 0.10 2.83 34.49 34.55 31.74 4.33 
40 0.18 3.12 34.34 34.39 32.18 4.99 
41 0.39 2.80 34.30 34.39 32.29 4.61 
41 0.58 2.89 34.37 34.46 32.83 5.57 
41 0.60 2.55 34.42 34.50 32.92 5.59 
41 0.58 3.24 35.75 35.84 33.98 5.56 
41 0.76 3.32 35.46 35.48 33.71 5.48 
39 0.87 2.52 35.01 34.94 33.32 5.54 
41 0.98 3.30 35.50 34.93 33.36 4.32 
82 0.12 2.90 35.06 35.08 33.08 3.83 
77 0.22 2.77 34.81 34.89 32.86 3.60 
83 0.36 3.34 34.09 34.17 31.74 4.15 
79 0.61 3.15 35.20 35.25 33.06 4.50 
79 0.80 2.68 35.86 35.87 33.89 4.99 
79 0.80 2.83 35.76 35.78 33.80 4.93 
81 0.76 3.28 34.93 34.97 33.15 5.03 
41 0.81 3.40 35.18 35.20 33.58 5.45 
82 0.88 2.62 34.98 34.88 33.17 5.19 
79 0.98 3.32 39.57 35.49 33.86 2.37 
120 0.12 3.16 34.60 34.61 32.54 3.91 
121 0.20 2.97 34.89 34.95 32.62 4.33 
115 0.43 2.64 35.67 35.73 33.57 5.19 
120 0.58 2.79 35.48 35.50 33.06 5.35 
121 0.77 2.88 35.73 35.70 33.47 5.58 
119 0.80 3.33 34.62 34.57 33.12 6.16 
119 0.89 2.66 35.55 35.35 33.73 5.61 
121 0.95 3.29 46.55 36.87 35.24 1.44 
157 0.10 3.03 35.82 35.82 33.55 3.81 
162 0.21 3.19 35.64 35.70 33.44 4.41 
165 0.38 3.12 35.34 35.34 33.58 5.49 
159 0.62 3.14 34.80 34.73 33.10 6.62 
161 0.79 3.30 35.19 35.06 33.29 6.57 
160 0.87 2.62 34.75 34.49 32.70 6.10 
161 0.91 2.89 35.52 35.01 33.64 5.94 
270 0.11 3.10 35.76 35.78 33.63 4.83 
271 0.20 3.34 35.81 35.78 34.03 5.44 
273 0.40 3.38 36.08 35.87 34.58 8.17 
278 0.55 3.02 35.32 34.98 34.23 8.47 
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Table F.4  Ammonia heat transfer data (4% oil). 
4% Oil in Circulation 
G x ωinlet Tref,in Tref,out Twall,ave h 
21 0.25 3.57 34.52 34.59 31.70 4.00 
21 0.40 4.53 35.74 35.83 33.70 4.61 
21 0.61 4.04 35.28 35.34 33.56 5.41 
21 0.81 3.72 35.21 35.16 33.60 6.01 
20 1.00 4.40 35.44 35.14 33.63 5.02 
45 0.12 3.81 35.49 35.56 32.72 3.57 
42 0.21 4.16 35.29 35.38 33.62 5.04 
44 0.19 4.33 35.16 35.24 33.28 4.70 
38 0.44 3.52 35.23 35.33 33.56 5.47 
43 0.40 3.90 35.38 35.47 33.57 5.18 
40 0.59 4.19 35.73 35.81 33.99 5.41 
40 0.76 3.58 34.85 34.88 33.32 5.28 
40 0.86 3.56 35.58 35.53 33.87 5.15 
82 0.09 4.20 34.95 34.87 32.95 3.84 
82 0.17 3.74 34.13 34.18 31.94 3.73 
81 0.42 3.75 34.80 34.90 33.01 4.11 
80 0.41 4.23 34.10 34.17 32.23 4.20 
80 0.58 4.37 35.79 35.87 33.76 4.70 
81 0.63 3.64 34.15 34.18 32.34 4.48 
83 0.79 4.03 34.85 34.85 33.19 4.91 
79 0.89 4.02 34.35 33.82 32.29 3.97 
123 0.10 3.76 34.98 34.99 32.66 4.70 
121 0.21 3.48 34.57 34.63 32.30 4.02 
120 0.41 3.40 35.76 35.81 33.51 4.86 
119 0.58 3.55 35.42 35.44 33.06 5.24 
117 0.59 4.01 34.64 34.66 33.05 5.62 
118 0.60 4.37 35.73 35.75 33.96 5.59 
119 0.87 3.91 35.38 35.03 33.38 4.59 
120 0.93 3.59 40.83 36.73 34.98 2.41 
165 0.10 3.59 35.47 35.45 32.87 4.03 
158 0.20 3.52 34.64 34.69 32.20 4.17 
161 0.39 3.71 35.58 35.58 33.49 5.52 
163 0.58 4.13 34.06 33.97 32.13 5.44 
164 0.87 4.39 34.94 34.63 33.28 5.61 
161 0.94 3.83 35.14 34.53 33.16 4.98 
160 0.92 3.71 43.88 37.98 36.41 2.41 
274 0.11 3.93 34.75 34.78 32.75 4.99 
275 0.21 3.87 33.86 33.79 32.14 5.26 
270 0.40 3.88 35.18 34.96 33.59 8.08 
277 0.60 4.04 34.99 34.59 33.34 7.66 
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Table F.5  Ammonia heat transfer data (5% oil). 
5% Oil in Circulation 
G x ωinlet Tref,in Tref,out Twall,ave h 
25 0.39 4.64 33.67 33.76 32.11 5.04 
21 0.21 4.70 33.79 33.87 31.81 4.02 
21 0.36 5.37 34.67 34.78 32.86 4.76 
20 0.56 4.82 35.54 35.63 33.77 5.37 
22 0.73 4.90 35.41 35.37 33.76 5.50 
24 0.86 4.65 35.45 35.25 33.77 5.11 
21 0.95 4.90 33.72 33.52 32.27 5.35 
40 0.12 5.41 35.81 35.90 33.25 3.91 
44 0.18 5.54 34.57 34.64 32.77 4.83 
42 0.44 5.25 34.84 34.93 33.17 5.15 
43 0.62 4.93 35.29 35.37 33.68 5.32 
44 0.78 5.54 35.48 35.48 33.88 5.16 
43 0.76 5.84 34.79 34.80 33.26 5.18 
40 0.88 4.87 34.35 34.18 32.75 4.67 
82 0.07 4.68 34.98 34.88 32.46 5.18 
84 0.19 4.72 35.07 35.15 32.91 4.66 
82 0.37 4.83 34.90 35.00 32.99 4.39 
78 0.61 4.65 34.75 34.83 32.97 4.80 
79 0.82 4.64 35.81 35.78 33.86 4.55 
78 0.78 5.70 33.72 33.72 32.10 4.14 
83 0.89 4.60 36.14 35.55 33.69 3.66 
118 0.12 4.64 35.88 35.90 32.92 4.33 
122 0.20 4.44 35.03 35.10 32.18 4.25 
123 0.41 5.22 35.88 35.93 33.89 4.86 
122 0.38 5.72 34.16 34.23 32.56 4.98 
118 0.59 5.17 34.53 34.53 33.00 5.26 
120 0.81 4.75 35.43 35.36 33.72 5.16 
120 0.77 5.73 34.17 34.09 32.56 4.88 
124 0.88 4.64 35.96 35.45 33.68 4.11 
123 0.87 4.74 35.31 34.91 33.23 4.21 
159 0.12 4.62 34.86 34.86 31.92 3.74 
159 0.20 4.84 33.93 33.98 31.44 3.71 
161 0.40 4.80 33.97 33.97 31.95 5.23 
161 0.62 6.04 35.25 35.18 33.85 6.34 
156 0.80 5.08 34.97 34.84 33.47 6.07 
154 0.83 4.79 34.85 34.70 33.36 5.72 
160 0.87 5.21 36.04 35.49 33.91 4.83 
158 0.92 4.45 49.97 40.25 37.74 1.60 
271 0.10 4.88 35.55 35.58 33.45 4.84 
275 0.20 5.17 35.58 35.55 33.89 5.70 
274 0.39 5.21 35.86 35.65 34.23 8.35 
276 0.59 4.86 35.68 35.32 33.84 8.82 
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Appendix G. Ammonia Oil Pressure Drop Data 
The units used in these tables are:  G (kg/m2-s), xin (-),ωinlet (%), dP (kPa), and dP/dz (kPa/m). 
Table G.1 Ammonia pressure drop (1% oil). 
1% Oil in Circulation 
G x ωinlet dP dP/dz
82 0.38 0.73 0.49 0.45 
76 0.66 1.28 0.90 0.82 
83 0.78 0.84 1.26 1.15 
81 0.87 1.48 1.11 1.02 
86 0.91 1.11 1.35 1.24 
119 0.21 1.03 0.51 0.46 
122 0.40 0.85 1.50 1.37 
123 0.59 1.34 2.81 2.57 
121 0.79 1.53 3.01 2.75 
120 0.88 1.23 3.05 2.79 
119 0.93 0.99 2.69 2.46 
161 0.11 1.11 0.52 0.48 
160 0.19 0.93 0.96 0.88 
166 0.37 0.95 2.97 2.72 
154 0.64 1.52 4.57 4.18 
162 0.59 1.66 4.85 4.44 
160 0.79 0.84 5.34 4.89 
159 0.77 0.90 5.44 4.98 
162 0.90 1.34 5.27 4.82 
158 0.94 0.92 4.77 4.37 
274 0.09 1.13 1.42 1.30 
263 0.22 1.21 3.93 3.60 
270 0.39 1.24 8.26 7.56 
273 0.58 0.64 12.40 11.35 
 
Table G.2 Ammonia pressure drop (2% oil). 
2% Oil in Circulation 
G x ωinlet dP dP/dz 
80 0.41 1.72 0.57 0.52 
81 0.60 1.79 0.94 0.86 
82 0.79 2.10 1.34 1.23 
78 0.91 1.60 1.13 1.03 
79 0.88 2.15 1.22 1.12 
79 0.95 2.03 1.17 1.07 
122 0.21 1.88 0.62 0.57 
120 0.42 1.62 1.74 1.59 
122 0.58 2.02 2.44 2.24 
121 0.85 1.92 3.10 2.84 
123 0.87 2.29 3.26 2.99 
119 0.95 1.87 3.20 2.93 
158 0.12 2.02 0.47 0.43 
157 0.21 1.95 1.10 1.01 
156 0.40 1.86 2.88 2.64 
162 0.59 1.66 4.85 4.44 
162 0.79 1.76 5.50 5.04 
162 0.86 2.08 5.62 5.14 
159 0.94 2.00 5.60 5.13 
271 0.11 2.31 1.62 1.48 
268 0.18 2.34 3.46 3.16 
267 0.40 2.32 8.84 8.10 
281 0.57 1.94 12.97 11.87 
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Table G.3 Ammonia pressure drop (3% oil). 
3% Oil in Circulation 
G x ωinlet dP dP/dz
83 0.36 3.34 0.77 0.70 
79 0.61 3.15 0.94 0.86 
79 0.80 2.68 1.17 1.07 
79 0.80 2.83 1.14 1.04 
81 0.76 3.28 1.21 1.10 
41 0.81 3.40 1.89 1.73 
82 0.88 2.62 1.30 1.19 
79 0.98 3.32 1.27 1.16 
121 0.20 2.97 0.53 0.49 
115 0.43 2.64 1.51 1.38 
120 0.58 2.79 2.57 2.36 
121 0.77 2.88 2.96 2.71 
119 0.80 3.33 3.05 2.80 
119 0.89 2.66 2.99 2.74 
121 0.95 3.29 4.73 4.33 
157 0.10 3.03 0.43 0.39 
162 0.21 3.19 1.26 1.15 
165 0.38 3.12 3.16 2.89 
159 0.62 3.14 4.96 4.54 
161 0.79 3.30 5.53 5.07 
160 0.87 2.62 5.51 5.04 
161 0.91 2.89 5.89 5.39 
270 0.11 3.10 1.58 1.44 
271 0.20 3.34 3.92 3.59 
273 0.40 3.38 9.19 8.42 
278 0.55 3.02 12.80 11.72 
 
Table G.4 Ammonia pressure drop (4% oil). 
4% Oil in Circulation 
G x ωinlet dP dP/dz
81 0.42 3.75 0.59 0.54 
80 0.41 4.23 0.57 0.52 
80 0.58 4.37 0.93 0.85 
81 0.63 3.64 1.10 1.01 
83 0.79 4.03 1.43 1.31 
79 0.89 4.02 1.27 1.16 
121 0.21 3.48 0.60 0.55 
120 0.41 3.40 1.60 1.47 
119 0.58 3.55 2.46 2.26 
117 0.59 4.01 2.44 2.24 
118 0.60 4.37 2.57 2.35 
119 0.87 3.91 3.27 2.99 
120 0.93 3.59 3.91 3.58 
165 0.10 3.59 0.47 0.43 
158 0.20 3.52 1.11 1.01 
161 0.39 3.71 3.10 2.84 
163 0.58 4.13 5.15 4.72 
164 0.87 4.39 6.29 5.76 
161 0.94 3.83 6.54 5.98 
160 0.92 3.71 7.84 7.18 
274 0.11 3.93 1.85 1.69 
275 0.21 3.87 4.64 4.25 
270 0.40 3.88 9.14 8.36 
277 0.60 4.04 13.67 12.52 
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Table G.5 Ammonia pressure drop (5% oil). 
5% Oil in Circulation 
G x ωinlet dP dP/dz
82 0.37 4.83 0.52 0.48 
78 0.61 4.65 1.01 0.93 
79 0.82 4.64 1.39 1.28 
78 0.78 5.70 1.28 1.18 
83 0.89 4.60 1.54 1.41 
122 0.20 4.44 0.56 0.51 
123 0.41 5.22 1.71 1.57 
122 0.38 5.72 1.61 1.48 
118 0.59 5.17 2.70 2.47 
120 0.81 4.75 3.28 3.00 
120 0.77 5.73 3.38 3.09 
124 0.88 4.64 3.88 3.55 
123 0.87 4.74 3.79 3.47 
159 0.12 4.62 0.52 0.47 
159 0.20 4.84 1.11 1.02 
161 0.40 4.80 3.30 3.02 
161 0.62 6.04 5.24 4.79 
156 0.80 5.08 5.57 5.10 
154 0.83 4.79 5.35 4.89 
160 0.87 5.21 6.57 6.02 
158 0.92 4.45 9.56 8.75 
271 0.10 4.88 1.58 1.44 
275 0.20 5.17 4.20 3.84 
274 0.39 5.21 9.19 8.41 
276 0.59 4.86 13.21 12.10 
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Appendix H. Altered Enhanced Tube Heat Transfer Data 
The units used in these tables are:  G (kg/m2-s), xin (-),ωinlet (%), Tref,in (ºC), Tref,out (ºC), Twall,ave (ºC), and 
h (kW/m2-K). 
Table H.1 Altered enhanced tube heat transfer data. 
G x Tref,in Tref,out Twall,ave h 
20 0.23 35.05 35.05 32.69 1.90 
19 0.41 34.02 35.22 33.28 2.37 
20 0.60 35.54 35.51 33.77 2.81 
22 0.73 34.81 34.79 33.42 3.45 
20 0.87 35.93 35.87 34.34 3.34 
42 0.11 34.27 34.27 32.10 2.12 
42 0.18 34.49 34.40 32.91 2.93 
43 0.39 33.98 34.78 33.38 3.21 
41 0.56 34.26 34.25 33.13 3.97 
41 0.80 35.10 35.07 34.25 6.08 
40 0.92 35.46 35.43 34.58 6.03 
40 0.96 35.88 35.84 34.95 5.99 
84 0.12 34.97 34.90 33.50 3.04 
83 0.21 35.50 35.48 33.86 3.10 
80 0.39 35.59 35.56 34.48 4.68 
77 0.62 35.12 35.07 34.25 5.97 
79 0.78 35.18 35.13 34.40 7.42 
80 0.91 34.55 34.50 33.85 8.11 
81 0.95 35.70 35.65 34.86 7.05 
118 0.11 35.37 35.29 33.73 3.01 
119 0.20 35.57 35.52 34.09 3.58 
118 0.41 35.65 35.58 34.64 5.40 
118 0.62 35.21 35.06 34.31 6.18 
117 0.76 34.47 34.38 33.77 7.66 
125 0.89 34.18 34.03 33.40 7.02 
124 0.94 34.70 34.51 33.85 7.05 
154 0.12 35.05 34.95 34.56 2.99 
154 0.20 35.69 35.62 34.27 3.69 
161 0.40 34.30 34.16 33.28 4.84 
159 0.59 34.59 34.42 33.65 5.65 
162 0.82 34.63 35.58 34.87 7.03 
160 0.91 35.44 35.23 34.56 7.08 
162 0.94 35.31 35.09 34.48 7.71 
263 0.10 35.45 35.34 34.11 3.93 
264 0.20 35.48 35.30 34.17 4.11 
275 0.38 35.51 35.14 34.33 5.05 
271 0.59 35.62 35.12 34.56 6.46 
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Appendix I. Altered Enhanced Tube Pressure Drop Data 
The units used in these tables are:  G (kg/m2-s), xin (-),ωinlet (%), dP (kPa), and dP/dz (kPa/m). 
Table I.1 Altered enhanced tube pressure drop data. 
G x dP dP/dz 
83 0.21 0.36 0.33 
80 0.39 0.92 0.84 
77 0.62 1.42 1.30 
79 0.78 1.57 1.44 
80 0.91 1.61 1.48 
81 0.95 1.56 1.43 
118 0.11 0.47 0.43 
119 0.20 1.01 0.93 
118 0.41 2.65 2.42 
118 0.62 3.45 3.16 
117 0.76 3.80 3.48 
125 0.89 3.89 3.57 
124 0.94 3.83 3.51 
154 0.12 1.00 0.91 
154 0.20 1.87 1.71 
161 0.40 4.78 4.38 
159 0.59 6.23 5.71 
162 0.82 6.75 6.18 
160 0.91 6.75 6.18 
162 0.94 6.75 6.18 
263 0.10 2.72 2.49 
264 0.20 5.66 5.18 
275 0.38 11.41 10.45 
271 0.59 15.69 14.37 
 
